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Rapid permafrost thaw in the high-latitude and high-elevation areas increases hillslope 
susceptibility to landsliding by altering geotechnical properties of hillslope materials, including 
reduced cohesion and increased hydraulic connectivity. The overarching goal of this study is to 
improve the understanding of geomorphic controls on landslide initiation at high latitudes. 
In this dissertation, I present a literature review, surficial mapping and a landslide 
inventory, and site-specific landslide monitoring to evaluate landslide processes in permafrost 
regions. Following an introduction to landslides in permafrost regions (Chapter 1), the second 
chapter synthesizes the fundamental processes that will increase landslide frequency and 
magnitude in permafrost regions in the coming decades with observational and analytical studies 
that document landslide regimes in high latitudes and elevations. In Chapter 2, I synthesize the 
available literature to address five questions of practical importance, which can be used to 
evaluate fundamental knowledge of landslide processes and inform land management decisions 
to mitigate geohazards and environmental impacts. I also evaluate potential implications of 
increased landslide activity on local nutrient and sediment connectivity, atmospheric carbon 
feedbacks, and hazards to people and infrastructure. Based on the existing literature, I conclude 
that after permafrost thaws, landslides will be driven primarily by atmospheric input of moisture 
and freeze-thaw fracturing rather than responding to disconnected and perched groundwater, 
melting permafrost ice, and a plane of weakness between ground ice and the active layer. The 
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transition between perennially frozen and seasonally thawed equilibrium states is likely to 
increase landslide frequency and magnitude, alter dominant failure styles, and mobilize carbon 
over timescales ranging from seasons to centuries. While a substantial body of literature exists 
on case studies of landslides in permafrost regions, no extensive review exists as a compilation 
of previous work. Last, I suggest three key areas for future research to produce primary data and 
analysis that will fill gaps in the existing understanding of landslide regimes in permafrost 
regions. These suggestions include 1) expand the geographic extent of English-language research 
on landslides in permafrost; 2) maintain or initiate long-term monitoring projects and aerial data 
collection; and 3) quantify the net effect on the terrestrial carbon budget. 
As described in Chapter 3, I conducted surficial geologic mapping and a comprehensive 
landslide inventory of the Denali National Park road corridor to identify geomorphic controls on 
landslide initiation in the Alaska Range, which include lithology, slope angle, and thawing ice-
rich permafrost. Landslides occur on all slope aspects, primarily at high elevations (>1050 m) 
where topographic relief is greatest. The majority (84%) of inventoried landslides are < 1 km2 in 
area and occurred most frequently on slopes with a bimodal distribution of slope angles, with 
peaks at ~18° and 28°. A disproportionate number of landslides occurred in unconsolidated 
sediments (glacial deposits and relict landslide deposits) and in felsic volcanic rocks. Weathering 
of feldspar within volcanic rocks and subsequent interactions with groundwater produced clay 
minerals. The presence of clay minerals may promote landslide initiation by impeding 
groundwater conductivity and reducing rock shear strength. I also found that landslides 
preferentially initiated within permafrost, where modeled mean decadal ground temperature is 
approximately -0.2 °C and active layer thickness is approximately 1 m. Landslides that initiated 
within permafrost occurred on slope angles ~7° lower than landslides on seasonally thawed 
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hillslopes. Shallow-angle landslides (<20° slopes) in permafrost demonstrate that permafrost/ice 
thaw is an important triggering mechanism in the study region. Melting permafrost reduces shear 
strength by lowering cohesion and friction values along ice boundaries. Increased permafrost 
degradation associated with climate change will make this and other high-relief areas more 
susceptible to shallow-angle landslides. 
The fourth chapter documents the development of landslides in rapidly thawing 
permafrost regions. To evaluate the impact of landslide age, morphology, and permafrost 
condition on landslide development, I conducted repeat terrestrial laser scan (TLS) surveys of 
three shallow-angle landslides that initiated in discontinuous permafrost in Denali National Park, 
including two landslides that initiated in the last 3 years (Stony Pass Slide and Ptarmigan Active 
Layer Detachment), and one landslide that initiated 20-50 years ago (Eielson Active Layer 
Detachment). I used Geomorphic Change Detection to quantify topographic deformation over a 
one-year study period. I also measured depth to permafrost at the Stony Pass Slide and used 2D 
ground-penetrating radar (GPR) to identify the permafrost surface in the landslide and adjacent 
undisturbed slopes. TLS differencing indicates that the two young landslides are still mobile, 
with maximum elevation loss of 0.8 m and 1.0 m at the landslide scarps, respectively. The older 
landslide appears topographically stable, which indicates that shallow-angle landslides achieved 
stability within several decades under previous climate conditions. Visual analysis of GPR data 
and measured depth to permafrost indicate that permafrost is present at 0.4-1.9 m depth in the 
undisturbed portions of the slope adjacent to the Stony Pass landslide. No permafrost was 
measured within the interior of the landslide, however. I interpret the results to suggest initial 
landslide failure over shallow, thawing permafrost. The observed lack of identifiable permafrost 
within the slide area therefore indicates that permafrost has thawed faster within the landslide 
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than within undisturbed portions of the hillslope, which is consistent with ground surface 
disturbance increasing heat flux from the atmosphere to the subsurface. I postulate that a positive 
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Landslides are a type of mass movement that rapidly transport material downslope. 
Multiple types of landslide are classified according to the dominant material (rock, 
unconsolidated sediment, etc.), degree of internal deformation, failure plane geometry, and speed 
(Varnes, 1978; Cruden and Varnes, 1996; Hungr et al., 2014). Key mass movement studies note 
the distinction between “slides,” where cohesive masses of material move along a discrete slip 
plane, and “flows,” where internal deformation allows for partially fluid movement (Iverson et 
al., 1997). The term “landslide,” however, is widely used to refer to a range of movement styles, 
including both true slides as well as flows and rockfall (Varnes, 1978; Hungr et al., 2014). The 
term “landslide” in this work refers to any slide or flow that maintains contact with the bed. 
Landslides are a crucial component of landscape development and maintenance and are 
capable of significant geomorphic work by reshaping topography, delivering sediment and 
nutrients to surface water, and removing vegetation (Schuster and Highland, 2007; Hilton et al., 
2008; Goode et al., 2012). In mountainous environments, landscape-scale erosion by landslides 
drives topographic expression and the denudation of landscapes (Stock and Dietrich, 2006; 
Anderson et al., 2015). In fact, landslides are one of the dominant mechanisms of geomorphic 
adjustment following the development of steep hillslopes by glaciation (Ballantyne, 2002b, 
2002a) or tectonic uplift (Roering et al., 2015).  
At the most fundamental level, landslide initiation occurs when gravitational forces 
overcome a threshold of stability determined by the slope angle, amount of material, pore 
pressure, internal friction and cohesion (Lu and Godt, 2008; Griffiths et al., 2011). Using this 
framework, landslides may occur where thresholds of slope angle and available material are met 
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(Dietrich and Dorn, 1984; Parker et al., 2016), and landslides are triggered by increases in 
driving forces (e.g. pore pressure) or a loss of resisting forces (e.g. cohesion and friction). 
Landslide triggers therefore include rain or snowmelt, which increase soil saturation (Godt and 
Coe, 2007; Iverson et al., 2011; Borga et al., 2014; Sidle and Bogaard, 2016), and seismic 
activity, which can reduce cohesion and increase local shear stress (e.g. Kargel et al., 2016; 
Higman et al., 2018). Fire can also increase slope susceptibility by removing vegetation and 
altering infiltration rates (Nyman et al., 2013). 
Landslides in permafrost regions are unique in some of the geomorphic processes that 
contribute to slope susceptibility and landslide triggering. The presence of permafrost reduces 
groundwater conductivity and connectivity (Walvoord and Kurylyk, 2016b), saturation of the 
active layer (Shan, Guo, Wang, et al., 2014), and reduced cohesion and friction along ice-rich 
permafrost surfaces (Zimmerman and Haeberli, 1992). Climate change is rapidly thawing 
permafrost at high latitudes and high elevations (Slater and Lawrence, 2013; Blunden and Arndt, 
2017). The instantaneous thaw of ice-rich permafrost and the transition to freeze-thaw systems 
may fundamentally alter landslide regimes in permafrost regions.  
The ability to monitor permafrost loss across large and remote areas is inherently difficult 
and observed loss of permafrost is limited by the period of record (Walvoord and Kurylyk, 
2016b). In some cases, remotely sensed imagery (airborne or satellite data) can also be used to 
estimate soil moisture, ground temperature, and ground deformation (e.g. van der Sluijs et al., 
2018; Lara et al., 2019; Zhao et al., 2019; Zwieback et al., 2019). For example, researchers in 
China mapped permafrost distribution at different time windows with an ~90% accuracy using 
mean decadal air temperature, topography, and land coverage (NDVI) data (Zhao et al., 2019). 
Repeat thermal surveys can measure the radiant temperature of the ground surface to monitor 
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permafrost stability at smaller scales (van der Sluijs et al., 2018). Despite the increased 
availability of remote datasets, understanding the fundamental processes governing hillslope 
response to permafrost thaw is crucial for predictions of landslide hazards and sediment 
dynamics in upcoming decades. As patterns of landslide occurrence change, improved 
understanding of landslides in permafrost regions is more important than ever. 
Climate change has resulted in rapid changes to key processes that influence landslide 
initiation, including generating periods of rapid snowmelt when air temperatures rise and 
increasing the frequency of high-intensity rainfall (e.g. Gariano and Guzzetti, 2016). The study 
of landslide process is therefore even more critical as land managers try to predict the effect of 
changing landslide regimes on sediment and nutrient budgets and human safety. 
In addition to the effect on the natural landscape, landslides also pose significant hazards 
to people and infrastructure. Between 1993 and 2002, over 40,000 recorded deaths resulted from 
landslides worldwide (Alexander, 2005; Crozier, 2013). Rapidly mobile landslides or large-
magnitude landslide swarms are particularly damaging to human safety and infrastructure (e.g. 
Iverson et al., 2015; Kargel et al., 2016). Although low population density lowers the traditional 
estimate of “risk” in many permafrost regions, interior Alaska and other remote high-latitude 
regions are vulnerable to landslides and other natural disasters, as access to emergency services 
is limited and infrastructure is sparse (Cutter et al., 2003; Cutter and Finch, 2008). 
The overarching goal of this study is to improve the understanding of geomorphic 
controls on landslide initiation at high latitudes. The research questions, hypotheses, and 
methodology were developed in cooperation with Denali National Park administrators to address 
gaps in the fundamental knowledge of landslide processes and to answer practical management 
questions in the context of climate change. The fundamental results are therefore easily 
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applicable to land management decisions and hazard mitigation. The three main chapters are 
organized according to the spatial scale of investigation.  
Chapter 2 provides a review of the response of landslide regimes to climate change in 
permafrost regions around the globe. Objectives of this chapter are to use mechanistic knowledge 
of landslide processes and existing observational studies to predict how permafrost thaw will 
change landslide regimes. Specific questions addressed in Chapter 2 include: 
1. Will changing permafrost conditions alter the dominant styles of slope failure on a 
scale that is significant for geomorphic systems, ecosystems, and land managers? 
2. Will an increase in landslide frequency be accompanied by an increase in mass 
movement magnitude? 
3. What is the timescale of adjustment, i.e. will high-relief systems adjust to a new 
equilibrium state on human timescales? 
4. What is the degree to which anthropogenic activity exacerbates permafrost-related 
slope instability? What are the most effective methods for slope stabilization? 
5. What is the net influence of mass movements and thermokarst features on 
terrestrial carbon budgets? Will increased landslide frequency and potential 
changes in failure style result in a net release or sequestration of soil carbon? 
Chapter 3 evaluates spatial distribution and controls on landslide initiation at a regional 
scale in the Denali National Park road corridor. Hypotheses tested in this chapter include:  
1. A disproportionate number of landslides initiate in felsic volcanic rocks. 
2. A disproportionate number of landslides initiate in permafrost. 
3. Landslides will be non-randomly distributed according to topographic variables 
including slope angle, aspect, and slope convergence. 
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Chapter 4 investigates site-specific landslide disturbance at a local scale by evaluating the 
development of three shallow-seated, shallow-angle landslides over time. Hypotheses tested in 
this chapter include: 
1. Landslides will demonstrate observable displacement over the course of the 2-
year study. 
2. Older landslides will exhibit greater topographic stability over the course of the 2-
year study. 
3. The active layer is thicker within an active landslide than it is in the proximal 
undisturbed slope.  
 
6 





Changing climate, including increased average temperature and changing weather 
patterns, is particularly pronounced at high latitudes (ACIA, 2004; Intergovermental Panel on 
Climate Change (IPCC), 2013, 2014; Blunden and Arndt, 2017; Francis et al., 2017). Arctic and 
subarctic average yearly temperatures have increased at 2-4 times the rate of global averages in 
the last several decades, and are likely to continue warming at faster rates in the coming century 
(Masson-Delmotte et al., 2006; Screen et al., 2012; Alexeev and Jackson, 2013; Snyder, 2016; 
Intergovermental Panel on Climate Change (IPCC), 2013). Many of the defining conditions of 
alpine and high-latitude tundra environments, including the presence of permafrost and 
permafrost ice, are likely to experience dramatic changes as average temperatures continue to 
rise (Harris et al., 2009; Christiansen et al., 2010; Romanovsky et al., 2010; Farbrot et al., 2013; 
Slater and Lawrence, 2013; Westermann et al., 2013; Gisnås et al., 2017; Westermann et al., 
2017; Blunden and Arndt, 2017). One such change includes an increase in hillslope soil erosion 
and landslides in permafrost areas with sufficient topographic relief (Gooseff et al., 2009; Shan 
et al., 2014a). In this review, I analyze the influence of permafrost thaw on landslide processes 
and geomorphic implications of changing landslide regimes in permafrost regions (Fig. 2.1). In 
addition, I synthesize existing knowledge and identify paths forward based on pertinent research 
questions that have yet to be addressed.  
As used throughout this review, the term “permafrost” refers to ground (soil, sediment, or 
rock) that remains below 0º C for at least two consecutive years (Dobinski, 2011). The term 
                                               
1 Chapter published as Patton, A. I., Rathburn, S. L., Capps, D. M., 2019, Landslide response to climate change in 
permafrost regions, Geomorphology, v. 340 p. 116-128. 
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“landslide” is used to refer to the types of slope movements in the classification scheme 
developed by Varnes and Cruden (Varnes, 1978; Cruden and Varnes, 1996) and updated by 
Hungr et al. (2014), including planar block slides, rotational slides, debris slides and avalanches, 
flows of various materials, and rockfall. In this review, I focus the discussion on flows and 
slides, which maintain contact with the bed during downslope transport (Cruden and Varnes, 
1996; Hungr et al., 2014), and landslides in permafrost regions where seasonal gradients between 
frozen and thawed substrate influence slope failure processes (Leibman, 1995; Lewkowicz and 
Harris, 2005b; Lewkowicz, 2007; Blais-Stevens, Kremer, et al., 2015). In recent literature 
describing the effects of permafrost degradation (e.g. Bowden et al., 2008; Gooseff et al., 2009; 
Dugan et al., 2012; Lafrenière and Lamoureux, 2013; Hong et al., 2014), the term “thermokarst 
features” often includes various types of landslides. In these cases, thermokarst subsidence 
occurs on hillslopes and includes a component of downslope movement. The term “cryogenic 
landslide” is also used in the literature to specify landslides that occur due to ice-related 
processes (e.g. Leibman, 1995; Leibman et al., 2014).  
To evaluate the direct effect of permafrost thaw on landslide regimes, I explore the 
literature on landslides in permafrost regions and the pertinent properties of permafrost that 
influence landslide mechanics. I include both high-elevation and high-latitude systems in this 
synthesis (Fig. 2.2) because many of the processes discussed are similar in both types of 
permafrost. Much of the available literature focuses geographically either in highly sensitive 
permafrost regions (e.g. northern Alaska) or where population density is high (e.g. the European 
Alps) (Fig. 2.3). After introducing this literature, I organize the discussion according to five 
pertinent questions related to the type, frequency, magnitude, and timescale of expected change 
to landslide patterns in permafrost regions, as well the ecological impacts of changing landslide 
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occurrence. Most pertinent to this review are the hydrologic and physical effects of permafrost 
thaw and the loss of permafrost ice, described below, as these processes directly influence the 
shear strength of slope materials by varying pore pressure, cohesion, and internal friction, with a 
net effect of reducing shear strength of both bedrock, soil, and sediment. 
 
 
Figure. 2.1. Conceptual model of landslide response showing known effects of permafrost thaw 
in high-relief permafrost terrain, and some of the implications for geomorphic, ecological, and 
human systems. Dashed lines indicate uncertainty regarding the direction or magnitude of 
response. 
 
2.1.1 Landslides in a changing climate 
Landslide process and climate patterns are closely linked (Soldati et al., 2004), with 
evidence for this correlation throughout the geologic record and apparent in modern observation. 
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Correlative studies indicate that climate variables are controls on landslide process (Borgatti and 
Soldati, 2010; Gariano and Guzzetti, 2016; Moreiras, 2017; Matthews et al., 2018). Glacier 
retreat at the end of the last glaciation and increase in precipitation in the mid-Holocene both 
correlate with periods of increased landslide occurrence in Europe (Soldati et al., 2004; Borgatti 
and Soldati, 2010), and dates of Holocene rockslides in Norway correlate with periods of high 
temperature (Matthews et al., 2018). In fact, even when accounting for other factors 
(anthropogenic activity, seismicity, and changes in vegetation), changes in landslide frequency 
may serve as effective proxies to indicate climate change in past and present records (Soldati et 
al., 2004; Borgatti and Soldati, 2010; Leibman et al., 2014). 
As human activity increases average global temperature, changing climate conclusively 
impacts slope stability and typical patterns of landslide occurrence (Gariano and Guzzetti, 2016). 
This poses a serious challenge for landslide practitioners and land managers, as landslide hazard 
forecasting is already difficult in a static climate and even more challenging in a changing 
climate (Coe and Godt, 2012). The specific impacts of climate change on landslide frequency, 
spatial distribution, and magnitude are poorly understood (Gariano and Guzzetti, 2016), 
particularly because climate predictions typically provide average conditions across regional 
spatial scales, while landslide hazards forecasting usually focuses on extreme weather at smaller 
scales (Coe and Godt, 2012). Although this review focuses on the effects of permafrost thaw on 
landsliding, it is important to note the diverse effects of climate on landslide occurrence.  
In general, changing precipitation patterns increase subsurface saturation and pore 
pressure; as average temperatures rise, total precipitation is also likely to increase, as well as the 
frequency of high-intensity rainfall events at northern high latitudes (Orlowsky and Seneviratne, 
2012; Kharin et al., 2013). Similarly, melting snow and ground ice (Huggel et al., 2010; Daanen 
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et al., 2012) can increase local pore pressure in response to daily or seasonal fluctuations in 
temperature. Where rainwater or meltwater persists in the subsurface, increased pore water 
pressure and reduced shear strength increase the likelihood of slope failure. Landslide initiation 
commonly occurs when threshold values of cumulative rainfall and intensity are met (Dhakal 
and Sidle, 2004) during atmospheric events (e.g. Eisbacher and Clague, 1984; Coe et al., 2014; 
Pavlova et al., 2014; Parker et al., 2016; Patton et al., 2018). Changing precipitation patterns and 
rapid snow/ice melt are therefore likely to increase the frequency and magnitude of large 
landslides irrespective of the presence of permafrost (Huggel et al., 2012; Stoffel and Huggel, 
2012). Changes in vegetation, soil, and land use that relate to climate may also influence patterns 
of landsliding, although multi-directional feedback processes introduce complex changes in 
slope stability, and are therefore difficult to evaluate (Gariano and Guzzetti, 2016).  
Glacier retreat as climates warm also reduces lateral support of over-steepened valley 
walls (Ballantyne, 2002a, 2002b) and can reduce slope stability by de-buttressing steep hillslopes 
(Lane et al., 2016), initiating the propagation of stress-release fractures, and contributing to steep 
hillslopes through crustal rebound (Evans and Clague, 1994; Deline et al., 2015; Moreiras, 
2017). Paraglacial adjustment after glacier retreat therefore includes a period of heightened 
landslide activity (Ballantyne, 2002a; Soldati et al., 2004; Klaar et al., 2014). Destabilization of 
recently glaciated hillslopes in response to modern climate change has already been observed in 
the European Alps, Canada and Alaska following the retreat of valley glaciers (Haeberli et al., 
1997; Huggel et al., 2012; Stoffel and Huggel, 2012). These effects of meltwater, atmospheric 
water input, and glacier retreat on landslide occurrence can be seen in both permafrost and 
seasonally thawed systems. 
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Although I briefly consider the effects of permafrost degradation on rockfall in the 
discussion of the impact of permafrost thaw on mechanical properties of the subsurface, the link 
between permafrost thaw and increased rockfall rates is well established in the literature (e.g. 
Gruber and Haeberli, 2007; Harris et al., 2009; Allen and Huggel, 2013; Draebing et al., 2017; 
Ravanel et al., 2017). Readers are directed to an existing review of the effects of climate change 
on rockfall for further discussion on this topic (Gruber and Haeberli, 2007). 
 
2.2 GLOBAL PERMAFROST THAW 
Warming average temperatures have already begun to cause widespread permafrost thaw 
around the globe and particularly at high latitudes (Slater and Lawrence, 2013; Blunden and 
Arndt, 2017). While forecasts of permafrost extent in the coming century are highly variable 
(Fig. 2.2), even the most conservative models predict permafrost loss in discontinuous zones by 
2099 (Slater and Lawrence, 2013). Regional monitoring efforts confirm that permafrost is near 
0° C across large areas in northern Europe, Iceland, Greenland (Harris et al., 2009; Christiansen 
et al., 2010; Farbrot et al., 2013; Westermann et al., 2013; Gisnås et al., 2017), the European 
Alps (Harris et al., 2009), Alaska (Osterkamp et al., 2009; Panda et al., 2014; Pastick et al., 
2015), Siberia (Romanovsky et al., 2010; Westermann et al., 2017), northeastern China (Jin et 
al., 2000; Wei et al., 2011; Shan et al., 2014b; Wang et al., 2015), the Tibetan Plateau (Blunden 
and Arndt, 2017), and South America and the Antarctic Peninsula (Rabassa, 2010; Blunden and 
Arndt, 2017). In many areas, monitoring efforts have already observed loss of large areas of 
permafrost (Osterkamp et al., 2009; Shan et al., 2015; Gisnås et al., 2017), and loss of permafrost 




Figure. 2.2. Figures from Slater and Lawrence (2013) A) showing the estimates of permafrost 
extent (as of 2013) of continuous-isolated permafrost regions in the northern arctic and subarctic 
and B) demonstrating the variable projected change in permafrost area (x106 km2) based on 
climate change until the year 2100. Although permafrost is most rapidly thawing in arctic 
regions (Blunden and Arndt, 2017), both alpine and high-latitude permafrost regions are subject 
to permafrost degradation as climate changes. ©American Meteorological Society. Used with 
permission 
 
The greatest observed increase in permafrost temperatures is in northern Alaska, Canada, 
and western Siberia (Blunden and Arndt, 2017). In Alaska, where permafrost accounts for 
approximately 38% of the total land area, it is likely that ~40-60% of permafrost will be lost by 





and remote areas is inherently difficult and observed loss of permafrost is limited by the period 
of record (Walvoord and Kurylyk, 2016b). Therefore, understanding the fundamental processes 
governing hillslope response to permafrost thaw is particularly important for predictions of 
landslide hazards and sediment dynamics. 
2.2.1 Hydrologic implications of permafrost thaw 
Due to its low hydraulic conductivity (K), permafrost controls the storage and movement 
of groundwater and can result in complex hydrologic systems (Bring et al., 2016; Walvoord and 
Kurylyk, 2016b). In contrast to typical temperate groundwater systems, permafrost regions are 
often characterized by a vadose zone in which all pore space is occupied by ice, resulting in a 
near-impermeable boundary. Where this is the case, the active layer (seasonally unfrozen) may 
act as a shallow perched aquifer, controlling runoff and surface water response to precipitation 
and snowmelt (Yamazaki et al., 2006; Koch et al., 2013; Esper Angillieri and Perucca, 2015; 
Bring et al., 2016). Increased pore pressure in a saturated active layer can reduce stability and 
initiate downslope movement at variable time scales (Zimmerman and Haeberli, 1992; Rist and 
Phillips, 2005; Oliva and Ruiz-Fernández, 2015; Shan et al., 2015). Ice-rich permafrost 
boundaries therefore create highly saturated, low friction sliding surfaces (Zimmerman and 
Haeberli, 1992; Wang et al., 2014; Shan et al., 2015). Aquifers within unfrozen zones of 
permafrost (taliks) and below the permafrost boundary are typically disconnected from the 
surface aquifer in the active layer. In cases where the permafrost layer includes unsaturated 
frozen material, groundwater may continue to flow through macropores until the infiltrating 
water freezes (Walvoord and Kurylyk, 2016b). In discontinuous permafrost systems, 
groundwater hydrology is particularly complex, with high variability in groundwater depth and 
subsurface flow rates. 
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As the active layer thickness increases in the initial stages of permafrost thaw, a larger 
portion of the subsurface becomes characterized by seasonal groundwater flow, with substantial 
influence on the local hydrologic system (Walvoord and Kurylyk, 2016b). In discontinuous 
permafrost systems, loss of permafrost typically results in an increase in baseflow. This is in part 
due to meltwater from permafrost ice producing short-term pulses in groundwater saturation and 
local streamflow (Li et al., 2015; Shan et al., 2015), although this effect is temporally limited. 
Changes to the hydrologic structure of the subsurface have a longer-lasting effect on 
groundwater dynamics, particularly where loss of impermeable, ice-rich permafrost opens 
vertical and lateral pathways for groundwater flow (Wei et al., 2011). Additionally, topographic 
response to loss of ground-ice alters local groundwater storage, runoff, and routing (Gooseff et 
al., 2009; Connon et al., 2014). Talik “breakthroughs”, or connection to other groundwater 
aquifers during permafrost thaw, also facilitate exchange of water, nutrients, and heat between 
systems, with advection potentially increasing the rate of nearby permafrost thaw (Rowland et 
al., 2011; Wei et al., 2011; Walvoord and Kurylyk, 2016b). The overall effect of permafrost thaw 
through time is therefore a temporary input of liquid water, increasing pore water pressure 
(Huggel et al., 2010; Shan et al., 2015). In the years following permafrost ice melt, permafrost 
thaw results in an increase in hydrologic connectivity within the groundwater system and 
between groundwater and surface water (Connon et al., 2014), such that average subsurface pore 
pressure may decrease (Shan et al., 2015) and groundwater hydrology is more responsive to 




2.2.2 Implications for physical properties of near-surface materials  
Bedrock, soil, and sediment in permafrost experience predictable changes in physical 
properties as they transition to temperatures > 0º C. Thresholds of cohesion, friction, and related 
processes are most significant in ice-rich permafrost, where loss of ice changes the fundamental 
behavior of the slope. For example, soil and sediment experience a significant loss of cohesion as 
ice warms, particularly in the transition from frozen to unfrozen conditions (Haeberli et al., 1997; 
Fischer et al., 2013; Krautblatter et al., 2013; Guo et al., 2014). Experimental data indicate that 
freeze-thaw transitions may reduce soil cohesion by 50-75% (Guo et al., 2014). Increased ice 
temperatures and the transition from ice to water also reduces the coefficient of friction along ice 
surfaces (Rist, 2008; Huggel, 2009) and the internal friction angle of various materials (Guo et 
al., 2014; Li et al., 2014). Increased air and ground temperature therefore typically reduce shear 
strength of subsurface materials (Huggel et al., 2010, 2012, 2013; Stoffel et al., 2014; Ferrero et 
al., 2014). In fact, compressive and tensile strength of water-saturated bedrock may decrease by 
up to 50% when temperatures rise above 0º C due to the dramatic loss of cohesion (Krautblatter 
et al., 2013). This loss of shear strength of near-surface materials on a hillslope lowers the 
critical stresses required for slope failure to occur. Furthermore, volume loss and surface 
subsidence due to melting ground ice can generate steep topography at multiple scales, reducing 
lateral support for upslope material.  
Unsurprisingly, variation in shear strength varies spatially and temporally (Blikra et al., 
2012; Draebing et al., 2014, 2017). Spatial variability in ground temperatures and rock strength 
varies with factors including aspect (Magnin et al., 2015) and snow characteristics (Geertsema, 
2012; Draebing et al., 2014; Magnin et al., 2015; Draebing et al., 2017). Snowpacks that persist 
through the summer can insulate permafrost from warm air and help maintain low temperatures 
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(Draebing et al., 2017), while deep winter snowpack can generate the opposite effect by 
insulating permafrost from cold air temperatures (Slater and Lawrence, 2013; Addison et al., 
2016). Shear strength also varies temporally, on both seasonal and multiannual scales. Seasonal 
variation in subsurface temperature, snow cover, and liquid water content (Shan et al., 2015) 
contribute to lower rock strength in early summer and autumn (Hasler et al., 2012; Blikra and 
Christiansen, 2014; Draebing et al., 2014; Oliva and Ruiz-Fernández, 2015). As average air 
temperatures rise over longer timescales (multiannual-multidecadal), permafrost thaw will 
mechanically destabilize bedrock and other slope materials (Krautblatter et al., 2013; Draebing et 
al., 2017). Furthermore, the process of hillslope disturbance during landsliding facilitates heat 
flux into a hillslope, creating a feedback mechanism and promoting loss of shear strength and 
landslide propagation (Oliva and Ruiz-Fernández, 2015).  
In addition to the intrinsic material properties altered by warming ground temperatures 
and loss of ice (Zimmerman and Haeberli, 1992), the transition from perennially frozen to 
seasonally frozen ground accelerates the effect of freeze-thaw processes in both bedrock and 
unconsolidated material (Haeberli et al., 1997). The freeze-thaw process increases the degree of 
fracturing in the near surface and generates planes of weakness for landslide failure to occur. 
Freeze-thaw activity and increased fracture density may also increase rockfall rates (Ballantyne, 
2002b; Hales and Roering, 2007) and the supply of unconsolidated material that is susceptible to 
landslide failure. Furthermore, freeze-thaw cycles are characterized by greater variability of 
subsurface temperature and moisture content, which results in substantial fluctuations of shear 





2.2.3 Changing fire regimes: compounding climate change effects 
In addition to increasing global temperature, climate change is likely to alter fire regimes 
in permafrost regions (Hu et al., 2010; Higuera et al., 2011). Fire-driven permafrost degradation, 
active layer thickening, and thermokarst subsidence is likely to trigger landslides at an increasing 
rate as arctic fires become more frequent (Huscroft et al., 2004; Jones et al., 2015). Particularly 
on steep hillslopes, post-disturbance changes in vegetation prevent recovery of pre-fire 
permafrost conditions, such that active layer thickening persists over the long term (Racine et al., 
2004; Rocha et al., 2012). On the Seward Peninsula of Alaska, the active layer remained thick or 
permafrost remained entirely degraded for at least 24 years after the initial disturbance (Racine et 
al., 2004). Fire regimes therefore accelerate the impacts of climate change in controlling slope 
stability by altering vegetation communities and increasing active layer depth. Where active 
layer thickness controls landslide occurrence (discussed in the following sections), fire-induced 
active layer thickening may also increase landslide frequency and magnitude.   
 
2.3 QUESTIONS TO ADDRESS 
In a review of the major contributions in the English-language literature that address the 
influence of permafrost degradation on landslide activity (Table 1), I identify relevant topics to 
organize discussion of the state of knowledge about landslides in permafrost terrain. Some of 
these topics have been addressed and others, particularly Question 5, still offer opportunity to 
produce fundamental data and analysis. The geographic distribution of these major studies is 
clustered in North America and the European Alps (Fig. 2.3), with a few studies from China, 
Norway, and Russia. Additional research on this topic has been described in other languages and 
could be incorporated into the English-language literature through international collaboration. 
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Based on a mechanistic understanding of changing hydrologic and physical properties in regions 
of permafrost thaw, as well as the contributions outlined in Table 1, this review paper 
synthesizes the hydrologic and physical processes of permafrost thaw to summarize and predict 
the response of landsliding due to ongoing permafrost degradation. These responses will be 
addressed according to the following questions:  
1. Will changing permafrost conditions alter the dominant styles of slope failure on a scale 
that is significant for geomorphic systems, ecosystems, and land managers? 
2. Will an increase in landslide frequency be accompanied by an increase in mass 
movement magnitude? 
3. What is the timescale of adjustment, i.e. will high-relief systems adjust to a new 
equilibrium state on human timescales? 
4. What is the degree to which anthropogenic activity exacerbates permafrost-related slope 
instability? What are the most effective methods for slope stabilization? 
5. What is the net influence of mass movements and thermokarst features on terrestrial 
carbon budgets? Will increased landslide frequency and potential changes in failure style 




Figure. 2.3. Spatial distribution of major studies, as listed in Table 1A, that contribute to the 
understanding of the influence of permafrost thaw on hillslope processes. Not pictured are two 










































Table 2.1. Summary of the major contributions to the literature of permafrost and landslides 
(English language only). Studies listed in section A are shown in Figure 3. 
Author Year Contribution Location of study 
A. Landslide research in permafrost terrain: 
Risk assessments, landslide/subsidence inventories, and mechanistic/morphologic evaluations 
Blais-Stevens et al. 2015 Map thaw slump susceptibility and discuss likely 
future trends 
Yukon-AK Highway 
Blikra et al., Blikra 
and Chrisiansen 
2012, 2014 Monitor rockslide displacement to document seasonal 
variation 
Norway 
Bowden et al. 2008 Measure sediment and nutrient delivery from 
thermokarst features 
North Slope, AK 
Capps et al. 2017 Conduct a geohazards risk assessment in a region of 
discontinuous permafrost 
Denali, AK 
Daanen et al. 2012 Evaluate, measure, and analyze frozen debris lobe 
movement 
Brooks Range, AK 
Fischer et al. 2013 Evaluate slope failure after glacier retreat, permafrost 
thaw, and temperature anomalies 
European Alps 
Geertsema et al. 2006 Overview of 38 catastrophic landslides that may have 




Gooseff et al. 2009 Summarize effects of hillslope thermokarst Northern AK 
Hong et al. 2014 Model regions of Alaska susceptible to thaw 
settlement hazards 
Alaska 
Huggel 2009, 2010 Document slope failure due to thermal perturbations Alaska, New 
Zealand, European 
Alps 
Huscroft et al. 2004 Describe five examples of permafrost-driven 
landslides in the Yukon Territory 
Canada 
Jones et al. 2015 Monitoring of ground surface subsidence following 
fire 
Northern AK 
Khak and Kozyreva 2012 Catalogue the effects of anthropogenic activity on 




Leibman 1995 Characterize cryogenic landslides Yamal Peninsula, 
Russia 
Lewkowicz 2007 Describe dynamics of active-layer detachments Ellesmere Island, 
Canada 
Matthews et al. 2018 Develop a chronology of rock slope failure during the 





2015 Landslide inventory and evaluation of triggering 
mechanisms, including changes to technical 
properties after permafrost thaw 
Antarctic Peninsula 




Shan et al. 2014, 2015 Detailed monitoring of landslide displacement, soil 
saturation, and long-term climate trends  
Lesser Khingan 
Range, China 
Shan et al. (eds);  2014 Technical publication on landslides in cold regions 
that discusses many of the issues presented in this 
review, with notable chapters cited throughout this 
paper, including those by: Wang et al., Li et al., 
Hatanaka et al., Guo et al., Leibman et al., Ferrero et 
al., Khomutov and Leibman 
 
Contributions 
discuss landslides in 
China, Japan, 





1992 Evaluate a debris flows in the Alps to discuss the 
impacts of climate change on landslide occurrence, 
including the mechanisms by which permafrost thaw 
can reduce slope stability and trigger landslides 
Swiss Alps 
B. Selected reviews of landslide response to climate change 
Borgatti and Soldati 2010, 2013 Evaluate relationships between hillslope processes 
and climate change 
N/A (Global) 
Gariano et al. 2016 In-depth review of general landslide response to 
climate change 
N/A (Global) 
Haeberli et al. 1997 Review slope stability issues related to glacier 
shrinkage and permafrost degradation 
European Alps 
Stoffel et al. 2012, 2014 Review the impacts of climate change on mass 
movements 
European Alps 
Soldati et al. 2004 Evaluate climate controls on landsliding since the 
Last Glacial Maximum  
Italian Dolomites 
C. Selected global permafrost monitoring and evaluation 
Blunden and Arndt 
(eds.) 
2017 Describe the state of global climate in the year 2016, 
including global permafrost distribution 
N/A (Global) 
Francis et al. 2017 Present new perspectives on amplified climate 
change at high latitudes  
High Latitudes 





2013 Evaluate multiple models of present and future 
permafrost extent 
N/A (Global) 
D. Selected reviews of permafrost hydrology, mechanical properties and nutrient cycling 
Connon et al. 2004 Measure changes to hydrologic connectivity in a 
region of permafrost thaw 
NWT, Canada 
Draebing et al. 2014, 2017 Model the influence of changing climate and 
snowpack on rock strength 
Swiss Alps  
Keiler et al. 2010 Analyze the effects of extreme weather in the 




Krautblatter et al. 2013 Present a physical model describing the mechanical 




2013 Document that high lacustrine solute loads reflect 
thermal perturbation and rainfall 
Melville Island, 
Nunavut, Canada 




Schuur et al. 2008 Thawing permafrost may release a significant pool of 
C to the atmosphere 
N/A (global) 
Schuur et al. 2009 Determine that thawing permafrost releases old 
(Pleistocene) carbon 
Healy, AK 











2.3.1 Question 1: Will changing permafrost conditions alter the dominant styles of slope failure 
on a scale that is significant for geomorphic systems, ecosystems, and land managers? 
Landslides pose a persistent management concern worldwide, and mitigation efforts often 
rely upon predicting areas that are likely to experience failure using historic accounts or 
inventory data (Eisbacher and Clague, 1984). Changes to the current landslide regime hinder the 
ability of land managers to predict areas of greatest risk and plan for possible outcomes (Coe and 
Godt, 2012), as managers may no longer rely on historical landslide patterns to predict timing, 
style, magnitude, and location of landslides. Landslide studies in high-latitude regions indicate 
that permafrost thaw is likely to alter landslide regimes, by both increasing the frequency of 
landslides in general and increasing the rate of particular styles of landslides. 
For example, active layer detachments (ALDs, Fig. 2.4E) may become more frequent 
relative to other styles of landslide failure (Blais-Stevens, Kremer, et al., 2015), particularly 
during an adjustment period as the active layer thickens (Huscroft et al., 2004) and melting 
permafrost ice allows for slip along saturated, low-cohesion surfaces (Shan et al., 2015). Because 
ALDs may occur even on very shallow hillslopes (Leibman, 1995; Lewkowicz and Harris, 
2005b; Lewkowicz, 2007), increased ALD occurrence expands the area of landslide hazard 
beyond the high-angle slopes typically considered in risk management. A landslide risk 
assessment conducted in Denali National Park, Alaska found that slope angle ranked only 10th in 
predictive ability relative to other variables (Capps et al., 2017). Variables that ranked higher 
included precipitation, active layer thickness, and mean ground temperature, highlighting the 
importance of climatic and substrate characteristics in dictating landslide occurrence in high-
latitude regions. Monitoring efforts in northeastern China similarly find that landslides driven by 
permafrost thaw typically occur on low-angle hillslopes (Shan et al., 2014b). As permafrost 
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systems give way to seasonal freeze-thaw conditions after this adjustment period (Gruber and 
Haeberli, 2007; McColl, 2012), shallow-seated ALDs may become less frequent and 
precipitation-driven landslides, translational block failures, and deep-seated failure of overloaded 
hillslopes are likely to become the dominant failure styles.  
Additionally, loss of bedrock shear strength due to ice loss (Krautblatter et al., 2013; 
Gariano and Guzzetti, 2016) and the transition to freeze-thaw processes (Haeberli et al., 1997; 
Gruber et al., 2004; Gruber and Haeberli, 2007; Harris et al., 2009; McColl, 2012; Stoffel and 
Huggel, 2012) is likely to increase rockslide and rockfall susceptibility in bedrock slopes 
(Haeberli et al., 1997; Stoffel and Huggel, 2012; Huggel et al., 2013; Gariano and Guzzetti, 
2016; Huggel et al., 2012). Chronologic analysis of rock slope failures in Norway throughout the 
Holocene indicates that increased frequency of rockslides correlates with periods of permafrost 
degradation (Fig. 2.4A) (Matthews et al., 2018). Loss of permafrost following modern changes in 
climate may therefore initiate rockslide development and motion (Blikra et al., 2012; Matthews 
et al., 2018). Increased erosion rates due to rockfall may also increase the availability of 
unconsolidated sediment that may be mobilized in subsequent landslides (Stoffel et al., 2014).  
 
2.3.2 Question 2: Will an increase in landslide frequency be accompanied by an increase in 
mass movement magnitude? 
The magnitude of landslides is likely to increase, due to increased sediment delivery to 
source areas and increased frequency of high-intensity rainfall (Geertsema et al., 2006; Stoffel et 
al., 2014). As permafrost thaws, increased hydrologic connectivity within local and regional 
groundwater systems generates groundwater hydrology that is more responsive to atmospheric 
conditions at depth (Huggel et al., 2010). Such changes may lower thresholds of cumulative 
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rainfall and/or rainfall intensity required to initiate slope failure, allowing for larger landslides to 
occur during relatively frequent storms. Because the presence of permafrost limits the regressive 
erosion of propagating landslides and typically constrains failure depth to the shallow active 
layer (Zimmerman and Haeberli, 1992; Deline et al., 2015), loss of permafrost increases the 
availability of loose material and increases the potential for deep-seated landslides (Zimmerman 
and Haeberli, 1992; Harris et al., 2009).  
Large-magnitude mass movements in the European Alps and New Zealand have already 
been causally linked to extreme high temperatures (Huggel, 2009; Huggel et al., 2010; Keiler et 
al., 2010; Allen and Huggel, 2013), indicating that atmospheric conditions may increase failure 
magnitude on a scale of days to seasons. Based on spatial distribution and preceding 
temperatures, several catastrophic landslides in British Columbia also appear to have been 
conditioned or triggered by degrading permafrost, and limited data suggest that the frequency of 
large (>0.5 M m3) landslides is increasing (Geertsema et al., 2006). Thermally-induced slope 
failures have been linked to increased runoff and groundwater saturation due to melting snow 
and ice (Huggel et al., 2010; Hatanaka et al., 2014; Shan et al., 2015), increased frequency of 
extreme rainfall events (Keiler et al., 2010), and de-buttressing of steep slopes after glacier 
retreat (Evans and Clague, 1994; Haeberli et al., 1997; Borgatti and Soldati, 2013; Moreiras, 
2017). Ice-rich landslides may also be characterized by longer runout distances and higher 
velocities, as melting ice and snow at the base of a landslide increases mobility (Lipovsky et al., 
2008). 
Deep-seated slope failures responding to permafrost thaw may take place over a longer 
timeframe (decades or longer) as the active layer deepens or permafrost thaws completely 
(Gruber et al., 2004; Keiler et al., 2010). Climatic conditions that reduce slope stability on short, 
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days to months timescales (runoff, snowmelt, glacial retreat) and long, years to decades 
timescales (glacial retreat, permafrost thaw) will undoubtedly interact to increase the likelihood 
of large-magnitude slope failures across high-relief areas (Evans and Clague, 1994; Haeberli et 
al., 1997; Geertsema et al., 2006; Huggel et al., 2010; Borgatti and Soldati, 2013; Hatanaka et al., 
2014; Moreiras, 2017). It follows that increased frequency of extreme weather and high 
temperatures will continue to generate large slope failures in the upcoming decades, due to a 
combination of effects of permafrost degradation and other factors that are sensitive to 
atmospheric conditions. 
 
2.3.3 Question 3: What is the timescale of adjustment, i.e. will high-relief systems adjust to a new 
equilibrium state on human timescales? 
 Although permafrost loss is likely to result in decreased area that is susceptible to 
particular styles of landsliding (e.g. shallow-seated ALDs), landslide inventory studies postulate 
that the adjustment period will generate heightened instability on the short term (Blais-Stevens, 
Kremer, et al., 2015). The question remains whether this landscape adjustment will occur on 
human timescales. It may be reasonable to assume that an adjustment period of increased thaw-
related landslide frequency is likely to occur during the transition from continuous or 
discontinuous permafrost to seasonally thawed near-surface materials. Based on climate models, 
this transition is likely to occur relatively quickly, particularly across regions where mean annual 
ground temperatures are near 0° C (Osterkamp et al., 2009; Slater and Lawrence, 2013; Pastick 
et al., 2015). While competing models forecast highly variable climate and permafrost extent in 
the upcoming decades, even the most conservative models predict loss of permafrost in current 
discontinuous zones by 2099 (Slater and Lawrence, 2013). As stated previously, ~40-60% of 
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permafrost will be lost by the end of the century in Alaska, where permafrost accounts for 
approximately 38% of the total land area (Pastick et al., 2015). Despite the uncertainty of the 
predicted permafrost area, it is clear that large areas of permafrost will be lost by the end of the 
century, with the greatest loss of permafrost beginning in lower latitudes where permafrost is 
isolated, sporadic, or discontinuous (Slater and Lawrence, 2013; Blunden and Arndt, 2017). I can 
therefore expect thaw-related landslide occurrence to track with a front of permafrost thaw, 
beginning at lower latitudes/elevations and propagating to higher latitudes and elevations as 
permafrost loss continues (Jin et al., 2000). Similarly, a conceptual model proposed by Borgatti 
and Soldati postulates that the influence of permafrost on slope stability likely extends from 10-2 
years and up to 103 years (Borgatti and Soldati, 2013), which follows local thaw at a near-
instantaneous scale (Hasler et al., 2012) and long-term changes in permafrost conditions. 
It is also important to consider the recovery time and stabilization of individual mass 
movements in order to evaluate the duration of the impact of landslides on terrestrial nutrient 
budgets, near-surface hydrology, and sediment delivery to the fluvial network. Multi-annual 
observations of a permafrost-induced landslide in China noted that, once permafrost ice had fully 
melted, landslide deformation rates began to decrease within nine years (Shan et al., 2015). In a 
time-series analysis of landslides initiated by an arctic tundra fire on Alaska’s northern slope, 
most small landslides stabilized within five years, although ongoing ice wedge degradation 
continued to initiate ground surface subsidence beyond five years (Jones et al., 2015). Once 
deformed ground surface stabilizes, a return to pre-landslide conditions may take even longer. In 
tropical and temperate climates, recovery of pre-disturbance vegetation communities may occur 
on 100-102 year timescales (Marston, 2010). In high-latitude permafrost systems, however, post-
disturbance colonization by historic plant communities is slower (Wang et al., 2014). Monitoring 
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of landslides in the Canadian high arctic did not observe recovery of pre-disturbance vegetation 
cover in 50 years of observation (Cannone et al., 2010). In fact, a Holocene landslide chronology 
for the Russian Siberian Plain indicates that vegetation recovery on ancient landslides likely took 
at least 300 years and potentially more than 2000 years (Leibman et al., 2014). Depending on 
local conditions, however, individual mass movement features may never achieve pre-
disturbance communities after permafrost disturbance due to changes in local hydrology 
(Osterkamp et al., 2009) and ongoing climate change. While landslide initiation response may 
therefore occur over the course of decades to centuries, recovery of historic conditions may 
require 102-103 years, or may never occur. Recognizing these vegetation recovery timescales 
may help identify past landslides at a local level. 
 
2.3.4 Question 4: What is the degree to which anthropogenic activity exacerbates permafrost-
related slope instability? What are the most effective methods for slope stabilization? 
Landslides are exacerbated by human activity, through mechanisms including de-
buttressing of hillslopes by roadcuts (Swanson and Dyrness, 1975; Wemple et al., 2001), clear-
cutting and deforestation (Swanston and Swanson, 1976; Barnard et al., 2001), and breaching or 
overtopping of earthen dams and ditches (Grimsley et al., 2016). In high-latitude regions, 
anthropogenic destabilization of hillslopes may be exacerbated by modifications to the near 
surface that often result in permafrost degradation in addition to the simple mechanical impacts 
(Khak and Kozyreva, 2012). Disturbance of the ground surface, such as for infrastructure 
development and excavation, facilitates heat exchange through the subsurface (Khak and 
Kozyreva, 2012; Wang et al., 2014). Other ground surface modifications, such as loss of 
vegetation (Nauta et al., 2014) and changes to albedo following construction (Qin et al., 2016), 
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can further influence the rate of permafrost thaw. Increased heat transfer causing permafrost 
thaw can therefore amplify the destabilizing effect of roads construction, railways, and other 
ground surface modifications.  
In addition to hillslope stabilization techniques applied worldwide (buttressing, 
groundwater routing, installation of geotextiles, etc.), protecting permafrost can be a successful 
practice to stabilize hillslopes in critical areas. Slope stabilization efforts in permafrost terrain 
have been summarized in geotechnical reports (e.g. Vinson et al., 1999; Wang et al., 2014; 
Addison et al., 2016; Skripnuk and Ulitin, 2016). The stabilization techniques described in these 
studies include physical stabilization as well as methods of mitigating ice and permafrost thaw, 
such as removing snow during cold winter months, when snow cover insulates permafrost from 
the colder atmosphere; installing tubing or ducts to facilitate heat transfer between the subsurface 
and atmosphere in the winter; and shading the ground surface with vegetation or structures when 
air temperatures rise in the spring.  
 
2.3.5 Question 5: What is the net influence of mass movements and thermokarst features on 
terrestrial carbon budgets? Will increased landslide frequency and potential changes in failure 
style result in a net release or sequestration of soil carbon? 
Microbial activity of soils exposed by landslide disturbance may release permafrost 
carbon to the atmosphere (Pautler et al., 2010), but drainage-scale studies indicate that the effects 
of physical disturbance by mass wasting are small relative to the increase in solute loads (carbon 
or other nutrients) due to rainfall runoff and groundwater flow through a deeper active layer 
(Lafrenière and Lamoureux, 2013). Studies of ALDs in the High Arctic semi-desert indicate that 
the short-term effect of shallow landslide disturbance on ecosystem respiration is minimal 
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(Beamish et al., 2014). Burial of soil horizons in landslide deposition zones may offset processes 
that release soil carbon to the atmosphere. 
Because the magnitude of these carbon fluxes influenced by landslides are not well 
constrained, the net effect of landsliding on carbon release vs. sequestration is currently unclear. 
This is an important topic for future investigative research, however. Furthermore, the scale of 
influence of landslides on regional carbon budgets is not currently known. Additional research is 
needed to quantify the approximate pool of carbon that is disturbed by landslides to determine 





Figure. 2.4. Landslides triggered or influenced by permafrost. A) Rockslide in Norway 
(Matthews et al., 2018). B) “Retrogressive thaw slump” on the Yamal Peninsula, Russia 
(Leibman et al., 2014). C) Rock-ice avalanche on Aoraki Peak (Mt. Cook), New Zealand 
(Huggel et al., 2010). D) Complex landslide (debris slide/flow) that damaged infrastructure in 
Denali National Park, Alaska (photo by Patton, A.). E) Active layer detachment (ALD), 
Nunavut, Canada; arrow indicates tents for scale (Lewkowicz, 2007). 
 
2.4 SYNTHESIS AND BROADER IMPLICATIONS 
Based on the altered hydrology (Walvoord and Kurylyk, 2016b), vegetation (Racine et 
al., 2004; Osterkamp et al., 2009), and physical properties of annually thawed soils and bedrock 
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(e.g. Krautblatter et al., 2013; Guo et al., 2014), it is likely that the dynamic equilibrium states of 
landsliding will be fundamentally altered after permafrost thaws. I predict that landslides will be 
driven primarily by atmospheric input of moisture and freeze-thaw fracturing rather than 
responding to disconnected and perched groundwater, melting permafrost ice, and a plane of 
weakness between ground ice and the active layer. Transition between equilibrium states is likely 
to increase landslide frequency and magnitude, alter dominant failure styles, and mobilize carbon 
over timescales ranging from seasons to centuries. It is also important to note that changes in a 
number of geomorphic factors associated with permafrost thaw and increased temperature 
(increased hydraulic conductivity and infiltration rates, decreased cohesion, and altered 
vegetation communities) may have competing effects on hillslope stability at a local scale, such 
that exceptions to regional trends will exist.    
These changes to the landslide occurrence and the physical properties of subsurface 
materials can pose serious geotechnical challenges (Khak and Kozyreva, 2012; Krautblatter et 
al., 2013) for human communities and the environment. The formation of thermokarst 
topography on low-relief terrain is well documented, with profound effects on local 
microclimate, water flow and storage, and biota (Osterkamp et al., 2009). Where thermal 
perturbation occurs on hillslopes, even where the slope angle is low (10-20º), landsliding is 
likely to become more frequent (Fig. 2.1) and on a broader spatial distribution  (Leibman, 1995; 
Lewkowicz, 2007; Shan et al., 2014a, 2014b; Blais-Stevens et al., 2015). A more complete 
understanding of the influence of permafrost thaw on hillslope processes is an important 
component of predicting and mitigating the effects of increased landslide occurrence in 
permafrost regions. In addition, changing landslide regimes have several serious implications for 
both ecosystem processes and human communities. 
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First, fundamental changes to landslide regimes will alter the timing and/or magnitude of 
hillslope connection to surface water. Permafrost-related landslides are capable of displacing 
large volumes of hillslope sediment, nutrients, and soil downslope, altering the physical and 
ecological structure of affected hillslopes (Hilton et al., 2008; Gooseff et al., 2009; Osterkamp et 
al., 2009). Climate-driven changes to landslide frequency, magnitude, spatial distribution, and 
style are also likely to increase the connectivity of hillslopes and the fluvial network, increasing 
nutrient, sediment, and particulate carbon inputs to surface water in permafrost regions (Fig. 
2.4B) (Bowden et al., 2008; Abbott et al., 2015; Li et al., 2016). These effects are likely to result 
in profound disturbance to aquatic ecosystems, where changes to nutrient budgets are integrated 
over large areas (Bowden et al., 2008). Disturbance to hillslope vegetation is likely to result in 
long-term changes to community composition in susceptible areas due to changes in 
microtopography and local hydrology (Racine et al., 2004; Osterkamp et al., 2009; Cannone et 
al., 2010). The integrated effects of climate change and changing occurrence of landslides, fire, 
and precipitation on ecosystem response are still not well understood. 
Increased landslide occurrence may also accelerate permafrost carbon release to the 
atmosphere (Pautler et al., 2010). The process by which permafrost thaw releases previously 
sequestered carbon to the atmosphere is well documented in the literature. Several observational 
and experimental studies have demonstrated that thawing frozen soils releases ancient 
(Pleistocene) carbon to the atmosphere at measurable rates (Schuur et al., 2008, 2009; Belshe et 
al., 2013; Fisher et al., 2016). Because northern-latitude carbon stocks alone account for 
approximately 50% of the total global belowground carbon pool (Tarnocai et al., 2009) and more 
carbon than is contained in the atmosphere (McGuire et al., 2010), this flux is significant on a 
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global scale. The net effect of landslides on the carbon budget, however, is not constrained, nor 
is the magnitude of the carbon pool mobilized by landslides (Fig. 2.1). 
Lastly, increased landslide frequency amplifies hazards to people and infrastructure 
(Vinson et al., 1999; Koch et al., 2014). Climate- and permafrost-induced landslide hazards are 
likely to fundamentally alter the safety and economic stability of human populations in 
permafrost terrain (Fig. 2.4D) (Vinson et al., 1999; Capps et al., 2017). The effects of increased 
hazard due to landsliding will be greatest when landslide hazards interact with other natural 
processes. For example, increased occurrence of large-magnitude landslides in steep-walled 
paraglacial fjords may trigger potentially catastrophic tsunamis (Fryer et al., 2004; Higman et al., 
2018). Because the majority of landslide studies rely upon historical data, alteration of landslide 
regimes may complicate hazard assessments (Keiler et al., 2010). Particularly in remote regions, 
limited infrastructure and socioeconomic factors increase community vulnerability to landslides 
and other natural hazards (Cutter et al., 2003; Cutter and Finch, 2008). Understanding and 





Figure. 2.5. Future research needs, ordered according to possible scales of investigation. A) 
Approximate permafrost distribution around the globe, which highlights the need for global-scale 
investigation of landslides in permafrost regions. B) Repeat imagery and remote sensing, as well 
as in-situ monitoring programs, will be crucial to researchers evaluating change to landslide 
regimes through time. C) Permafrost landslides have the potential to influence terrestrial carbon 
budgets and deliver carbon, other nutrients, and sediment to surface water. Illustration by Maisie 
Richards, www.maisierichards.com/. 
 
2.5 FUTURE RESEARCH NEEDS 
Based on a review of the literature on the influence of permafrost degradation and loss on 
landsliding style, frequency and magnitude, I identify three main areas of future research (Fig. 
2.5). These topics will help fill gaps in knowledge and establish research directions related to this 
important topic, including: 
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1. Expand the geographic extent of English-language research on landslides and 
permafrost (Fig. 2.5A). Current studies are limited geographically, with the majority of 
English-language research being conducted in Alaska, Canada, and Europe (Table 1) 
(Gariano and Guzzetti, 2016). Expanding the range of data collection will improve 
understanding of global-scale variability. Large regions of Russia, northern Europe, 
Greenland, South America, and Antarctica are not well-represented in the English-language 
literature on landslides (Fig. 2.3), although important works on permafrost distribution and 
processes in these areas do contribute to process-based knowledge of landslide occurrence. 
English-language studies from the southern hemisphere are particularly scarce. Further study 
in these regions, international collaboration, as well as incorporation of research written in 
other languages (Chinese and Russian) will improve understanding of permafrost response 
across broad geographic regions. 
2. Maintain or initiate long-term monitoring projects and aerial data collection (Fig. 2.5B) 
to allow for robust time-series analysis in upcoming decades. Long-term data are a 
scientifically robust strategy to evaluate the influence of climate over time, although such 
projects require lasting financial commitment from agencies and scientists (Coe and Godt, 
2012). In particular, repeat data collection, such as the soil and air temperature monitoring 
study initiated in 1985 near Healy, AK (Osterkamp et al., 2009) will allow for comparative 
analysis over the long term to evaluate the relative influence of factors such as climate, soil 
temperature, precipitation, vegetation, and human activity in changing landslide regimes. 
Repeat collection of high-resolution topographic data and other remotely sensed datasets has 
immediate applicability for management of public lands (Capps et al., 2017), and can provide 
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the necessary tools to evaluate landslide hazards and adjustment over the course of years to 
decades (Kääb, 2008; Khomutov and Leibman, 2014). 
3. Quantify the net effect to carbon budget (Fig. 2.5C). As discussed, there are competing 
effects of landsliding on carbon sequestration and release to the atmosphere, and the net 
effect on local scales or regional scales is not currently known. Quantifying the total carbon 
pool mobilized by landslides and the net sequestration/release will determine whether 





3. LITHOLOGIC, GEOMORPHIC, AND PERMAFROST CONTROLS ON 





Landslides pose a persistent hazard in high-latitude regions where permafrost is 
degrading rapidly (Huggel, 2009; Blais-Stevens, Kremer, et al., 2015). Although models of 
forecasted permafrost loss are highly variable (Slater and Lawrence, 2013), it is likely that 40-
60% of permafrost by area will be lost by the end of the century (Pastick et al., 2015). In Denali 
National Park (DNP), local monitoring suggests that permafrost temperatures are already near 0° 
C (Osterkamp et al., 2009). Modeled permafrost response to climate change in DNP suggests 
that although 75% of the park was underlain by permafrost in the 1950s, only 1% of the park will 
be underlain by permafrost by the end of the 21st century (Panda et al., 2014). Changing 
precipitation patterns worldwide (Stoffel and Huggel, 2012; Intergovermental Panel on Climate 
Change, 2013), permafrost degradation, and the transition to freeze-thaw regimes will contribute 
to landsliding by increasing landslide frequency and magnitude (Patton et al., 2019). Changes to 
landslide regimes in Alaska and other high-latitude regions increase the uncertainty of landslide 
hazards assessments. As such, the need for mechanistic understanding of landslide initiation and 
up-to-date landslide inventory data is greater than ever. Improved understanding of landslide 
hazards is applicable to management of public and private lands throughout permafrost regions 
worldwide. In particular, the physical process by which permafrost ice and topography control 
landsliding is likely consistent throughout high latitudes worldwide. 
                                               
2 Chapter in revision as Patton, A. I., Rathburn, S. L., Capps, D. M., Brown, R. A., Lithologic, geomorphic, and 
permafrost controls on landsliding in Denali National Park, Alaska, Geosphere. 
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3.1.1 Study Area 
To focus on an area that is of management concern to DNP, I defined the study area as 
the 1-km wide Denali Park Road corridor from miles 33-66 (Fig. 3.1). The road corridor crosses 
the variable geology within the park, including bedrock exposures of multiple lithologies as well 
as diverse Quaternary sediment deposits. This transect of diverse topography and lithology 
allows for fundamental evaluation of multiple factors that contribute to landslide initiation in the 
Alaska Range and other discontinuous permafrost systems worldwide. Furthermore, the Denali 
Park Road provides the only access for ground vehicles to the interior of the park, and therefore 
is a significant resource for visitors, staff, and property owners (Vinson et al., 1999; Capps et al., 
2017). I use the term study region to refer to a broader portion of the Alaska Range and discuss 
the geologic context of this specific study area. 
The geology of the study region is structurally complex with regional-scale faults and 
folds (Csejtey et al., 1982; Gilbert, 1979; Nokleberg et al., 1994; Wilson et al., 2015). Primary 
lithologic units within the map area (Fig. 3.1) include Jurassic basalt and metabasalt of the 
Nikolai Formation, Cretaceous sedimentary rocks of the Cantwell Formation (sandstone and 
conglomerate), Paleogene volcanic rocks of the Teklanika Formation and Mt. Galen Formation 
(basalt, andesite, rhyolite, and tuff/tuff breccia), and Quaternary sediments (glacial, alluvial, etc.) 
(Gilbert, 1979; Csejtey et al., 1992; Yeend, 1997). The study region is located near the 
boundaries of multiple geologic terranes, including the Yukon-Tanana, Wrangellia, Farewell, 
and McKinley terranes (Csejtey et al., 1982; Ridgway et al., 2002; Dumoulin et al., 2018). Late 
Jurassic-Cretaceous collision and transpression of the Wrangellia island-arc composite terrane 
juxtaposed 3-5 km of marine strata (the Kahiltna assemblage) with the former North American 




Figure 3.1. Study area within Denali National Park (DNP). Surficial geologic mapping was 
completed along the Denali road corridor from mile 33 to 66. Landslide scarp locations are 
shown as orange points, and clay sample locations and sample numbers described in the text are 
shown as blue triangles. 
 
The high-relief topography of the Alaska Range is young, driven by rapid exhumation 
along the Denali fault system beginning 5-6 Ma (exhumation >1 mm/year) (Fitzgerald et al., 
1993; Redfield and Fitzgerald, 1993) and the development of extensive valley glaciers during the 
last ice age and through the Pleistocene (Yeend, 1997). Quaternary dextral transpression along 
the Denali fault system continues to deform and exhume the high-relief topography of the Alaska 
Range (Haeussler et al., 2017). Seismicity in the Alaska Range contributes to landslide hazard: 
the McKinley strand of the Denali fault (south of the study area) is active at a slip rate of 7-12 
mm/year (Benowitz et al., 2011). Until recently, the major strand of the Denali fault system 
within the study region, the Hines Creek fault, was considered inactive (Wahrhaftig et al., 1975; 
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Benowitz et al., 2011). Vertically offset alluvial fans and other Holocene deposits indicate that 
segments of this fault may still be active, with reverse motion along a north-dipping plane 
generating uplift at a rate of 0.7 mm/year in the Pleistocene (Koehler et al., 2015).  Major strike-
slip movement on the Hines Creek fault likely took place prior to 95 Ma (Wahrhaftig et al., 
1975; Csejtey et al., 1982). Most of the primary lithologic units of the study area are therefore 
unlikely to be horizontally offset by movement along major terrane-bounding faults. 
Current climate in northern DNP is typical of an interior Alaska landscape, with low 
annual precipitation (average 38 cm), cold winters (average 5.8 °F), and mild summers (average 
53 °F) ("Denali National Park and Preserve"), although climate is highly variable over the large 
area of the park. Approximately 75% of DNP was underlain by near-surface permafrost in the 
1950s, and 50% of DNP was underlain by near-surface permafrost at the beginning of this 
century (Panda et al., 2014). Permafrost is most prevalent at high elevations and in the low-relief 




3.2.1 Surficial Geologic Mapping and Landslide Inventory 
I conducted field mapping of surficial geologic units at 1:24,000 scale in the 1-km wide 
corridor along the Denali Park Road from miles 33-66 (Fig. 3.1, Supplementary Material Plate 
1), building from unit designations in the existing literature, including work by Decker, (1975),  
Gilbert, (1979), Csejtey et al., (1992), and Yeend, (1997). Notably, this investigation 
dramatically improves the resolution of mapping in the study area and adds emphasis on surficial 
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units, distinguishing multiple glacial deposits, hillslope deposits, landslides, and alluvial units 
that were previously grouped in more general unit designations. 
Surficial mapping efforts included a comprehensive inventory of identifiable (modern) 
landslides that occurred within the study area before August 2018.  Landslide inventory data 
includes a mapped area, an initiation point designated near within the scarp, and a general failure 
style. Categories of style include rotational slides, debris flows, translational block slides, 
translational flows, active layer detachments, and combined failure mechanisms (Varnes, 1978; 
Cruden and Varnes, 1996; Hungr et al., 2014). Landslide initiation points were used to identify 
key geomorphic characteristics of each landslide for comparison with the entire study area, 
including underlying lithology, modeled permafrost presence and depth, elevation, slope aspect, 
slope angle, and hillslope curvature. Curvature was calculated using the ArcGIS planform 
curvature tool, described in the ESRI online tool reference (ESRI). 
 
3.2.2 Landslide Distribution in Permafrost 
Using the landslide inventory described above, I compared the distribution of landslides 
within the map area and the distribution of permafrost characteristics. Panda et al. (2014) 
modeled mean decadal ground temperature (°C) and active layer thickness within the national 
park using the GIPL 1.0 model at a spatial resolution of approximately 30 m2. Permafrost 
characteristics in this model were derived using climate data, ecotype, soil characteristics, and 
snow characteristics, and were intended to represent permafrost conditions during the 2001-2010 
decade. Negative active layer thickness values indicate that permafrost is not present, and instead 
describe seasonal frost thickness. Estimated error of the model used in this study is ±0.2-0.4°C 
for the mean ground temperatures and ±0.1-0.3 m for the active layer thickness. Using the 
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modeled permafrost extent developed for the previous decade (2001-2010), I evaluated both the 
ground surface temperature and active layer thickness (or seasonal frost thickness where 
permafrost is not present) at landslide sites and within the map area. 
 
3.2.3 Clay Sample Collection and Analysis 
 Clay minerals influence the geotechnical properties of slope materials where in-situ 
weathering or hydrothermal alteration of bedrock promotes their development (Ikari and Kopf, 
2011). I characterized the mineralogical composition of clay-rich sediment in landslides to 
evaluate the mechanism driving lithologic control on landslide initiation. I collected thirteen clay 
samples from mapped landslides where a significant volume of clay material was exposed in the 
scarp or within the landslide deposit. Clay samples were then dried and analyzed for mineral 
assemblage and chemical composition using a TerraSpec Halo multispectral mineral analyzer 




3.3.1 Surficial Geologic Mapping 
Surficial geologic mapping throughout the study area refined contacts and map resolution 
along the DNP road corridor (Fig. 3.2 and 3.3). In comparison with previous small-scale 
mapping efforts, this work distinguishes multiple units that were previously unmapped, grouped 
in more general units, or mapped in less detail. For example, I identify multiple glacial, alluvial, 
and hillslope deposits, including delineation of the currently active braid plain (Qbp), colluvium 
(Qcol), pediment (Qp), and relict landslide deposits (Qmw) (Table 1) that were previously 
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mapped together as alluvium/colluvium (Yeend, 1997). Furthermore, the geologic map 
differentiates exposures of the Mt. Galen Volcanics and Teklanika Volcanic units by lithology, 
including basalt, andesite, rhyolite, tuff, and tuff breccia where surface exposure of bedrock is 
adequate. Mapped lithologies are described in summary in Table 3.1. I also identified and refined 
the surface trace of several map-scale faults in the study area. Notably, topographic offset in 
Quaternary units suggests recent activity of a fault southeast of Eielson Bluffs (Figure 3.2) and I 
identified a previously unmapped oblique-sinistral fault that crosses the map area at the 
Polychrome Pass overlook (Figure 3.3). The complete 1:24,000 map is available in the 




Table 3.1. Summary of the primary lithologic units mapped in the study area. For simplicity, 
some units are grouped by type. Ages of units with ongoing deposition are listed as “modern.” 
Where more specific units are distinguished on the map, unit symbols are included in the 
summarized description.  
Unit 
Name 
Symbol Age Summarized Description 
Landslide Qls Modern Recent landslide deposits where the entire landslide (scarp, transport 
zone, toe) is still distinguishable. Sediment is typically poorly sorted and 
angular. Landslides include multiple styles of failure, such as 
translational block sliding, back-rotational slumping, translational flow, 
and debris flow (Qdf). 
Alluvium Qal Modern Sorted, bedded sediment deposited by streams and rivers, including 
channel fill, floodplain sediment, gully fill, active braid plain sediment 
(Qbp) and recently active braid plain sediment (Qibp). 
Alluvial 
fan 
Qaf Modern Alluvial fan sediment, characterized by fan-shaped morphology and 
interfingering deposits from stream channels, floods, and debris flows. 
Colluvium Qcol Modern Diffusive mass wasting deposits on hillslopes, including talus slopes. 
Sediment is variable in size and is typically angular to subangular.   
Pediment Qp Pleistocene-
Holocene 
Coalesced depositional aprons at the base of a mountain front. Sediment 
is poorly sorted and partially weathered. Incised channels indicate that 






Discontinuous deposits from old landslides, where separate portions of 
the landslide (scarp, transport zone, toe), are no longer distinguishable. 
Sediment partially weathered, unsorted, and contains a variety of clast 
lithologies and rounding.  
Glacial 
sediment 
Qg Pleistocene Ice-related deposits from the preceding glaciations, including moraine 
deposits (Qgm), outwash (Qgo), and till. Most glacial units (Qg, Qgm) 
are unsorted and unstratified and are differentiated by topographic 
expression. Outwash (Qgo) is poorly sorted, stratified, and contains 
subrounded-rounded clasts. Clast lithologies include the volcanic and 
sedimentary units found in the study region. 
Usibelli 
Group 
Tu Miocene Fluvial pebbly sandstone and lacustrine mudstone with interbedded coal 







Extrusive volcanic rocks including rhyolite (Tmgr), tuff breccia (Tmgtb), 
and andesite (Tmga) (Decker, 1975; Gilbert, 1979; Cole and Layer, 
2000). The upper part of the formation is ~43 Ma based on one 40Ar/39Ar 
age (Cole and Layer, 2000).  
Teklanika 
Volcanics 
Tt Paleocene 55-50 Ma bedded extrusive volcanic rocks including altered rhyolite 
(Ttr), andesite (Tta), and basalt (Ttb). Flow banding is present in some 
exposures (Gilbert et al., 1976; Gilbert, 1979). In the USGS lexicon, the 
Teklanika Volcanics unit is considered the upper member of the Cantwell 
Formation, though most regional-scale studies differentiate the two units. 
Teklanika 
Basalt 
Ttb Paleocene 55-50 Ma aphyric basalt of the Teklanika Volcanics. Columnar jointing 
is common. Vesicles are present in some exposures (Gilbert et al., 1976; 





Lithic sandstone and conglomerate; bedding in sandstone is 0.01-1 m 
thick. Conglomerate is mostly massively bedded. Clasts are sub-rounded 
to rounded and include quartz, quartzite, basalt, and other volcanic 





Weathered porphyritic basalt; well-preserved pillow structures in some 
exposures. Often referred to as the Nikolai Greenstone, although basalts 
of this age in the map area have not undergone substantial regional 
metamorphism (Csejtey et al., 1982; Dusel-Bacon et al., 1993; Plafker et 




Figure 3.2. Sample geologic map of Eielson Bluffs, using standard geologic symbols and unit 
symbols as outlined in Table 3.1. Landslides are mapped as Qls (yellow) or as yellow dots where 
landslide size is too small to display. Prominent volcanic units in this area include the Mt. Galen 
Volcanics (Tmg) and Nikolai Formation (TRn). These volcanic formations generate multiple 




Figure 3.3. Sample geologic map of Polychrome Pass, using standard geologic symbols and unit 
symbols as outlined in Table 3.1. Landslides are mapped as Qls (yellow) or as yellow dots where 
landslide size is too small to display. Prominent volcanic units in this area include the Teklanika 
Volcanics rhyolite (Ttr) and basalt (Ttb). These volcanic formations generate multiple landslides. 
The complete 1:24,000 scale map is available in the Supplementary Material Plate 1. 
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3.3.2 Landslide Inventory 
Landslides occur throughout the study area, although clusters of landslides occur in areas 
of greater relief, including (from west to east) Eielson Bluffs, Stony Pass, the Toklat and East 
Fork River valleys, and Igloo Canyon (Fig. 3.1). A total of 89 modern landslides were mapped in 
the study area, with 84 initiating within the map area (Appendix A). The majority of landslides in 
the study area are small in total surface area (Fig. 3.4); median landslide area is 0.20 km2; 84% 
of inventoried landslides are less than 1 km2; and 94% of inventoried landslides are less than 5 
km2. Planform curvature is similar between the landslide population and the map area, with mean 
curvature values near zero (0.068 ±0.83 and 0.023 ±0.78, respectively), indicating an even 
distribution of concave, convex, and planar hillslopes in both datasets. Landslides initiate on 
high-elevation slopes of all aspects (Fig. 3.5 and 3.6). The study area is biased towards south- 
and east-facing hillslopes because the park road follows the south-facing hillslopes of the Toklat, 
Stony Creek, and Thoroughfare river valleys. Landslide distributions follow the same trend of 
bias toward south-facing slopes. The distribution of slope angle of landslide initiation is bimodal, 
with peaks in landslide occurrence at approximately 18° and 28° (Fig. 3.5B). The Hartigan’s dip 
test of unimodality (Hartigan and Hartigan, 1985) demonstrates the significance of the 
multimodality of landslide slopes, with a p-value of 0.03. Calculation of this dip test statistic 
does not depend on bin size. Kernel density estimation is shown as a black line, with dashed 
lines to indicate density peaks (Fig. 3.5C).  
The majority of landslides inventoried initiated in unconsolidated sediments (Fig. 3.5C, 
3.2, 3.3), including various glacial deposits (Qg), and relict landslide deposits (Qmw). Colluvium 
(Qcol) also generated a disproportionately large number of landslides relative to the total portion 
of the map area where colluvium occurred. Both of the felsic volcanic units mapped in the study 
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area, the Teklanika rhyolite (Ttr) and the Mt Galen Volcanic unit (Tmg), also generated a 
disproportionately large number of landslides relative to the total portion of the map area 
underlain by these volcanic units. 
 
 
Figure 3.4. Notable landslides inventoried in the study area. A) Retrogressive rotational slide 
near Stony Pass; B) Rotational slide near Highway Pass; C) The “Eagle’s Nest Landslide”; a 
complex landslide that initiated in August 2016 and blocked the road for several days; D) Debris 
slide on the East Fork River; E) The “Ptarmigan Landslide,” an active layer detachment east of 





Figure 3.5. Histograms of landslide characteristics, showing the elevation, slope angle, and 
underlying lithologic unit relative to that of the study area. (A and B) The regional distribution of 
elevations and slope angles (blue) were extracted from a 5 m IFSAR-based Digital Terrain 
Model (DTM) of the road corridor from the area defined as the “study area.” The distribution of 
elevations and slope angles, and underlying lithology for landslides (red) includes n = 84 
landslides that initiated within the study area. Kernel density estimation of the landslide slope 
data is shown as a black line, with dashed lines showing density peaks. (C) The proportion of 
landslides that initiated within lithologic classes relative to the total proportion of the map area 
where the same units occur at the surface. The regional proportions (blue) are based on the 
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surficial geologic map produced in this study. The proportions of landslides that occur within 
each unit (red) includes n = 82 landslides that initiated within the study area in a single 
identifiable map unit. Lithologic unit symbols are described in Table 1; notably Tt here includes 
both rhyolite and andesite exposures of the Teklanika Volcanics, but Teklanika Basalt exposures 
are distinguished as Ttb. 
 
 
Figure 3.6. Rose diagram showing the distribution of azimuthal aspect of hillslopes where 
landslides initiated relative to that of the study area. The regional distribution of hillslope aspects 
(blue) was extracted from the 5 m DEM of the road corridor from the area defined as the “study 
area.” The distribution of hillslope aspects for landslides (red) includes n = 84 landslides that 




3.3.3 Landslide Distribution in Permafrost 
 As modeled by Panda et al. (2014), permafrost extended across 62% of the map area in 
the previous decade, with a mean surface temperature of -0.09 °C and a median active layer 
thickness of 0.94 m in the study area (Fig. 3.7). Landslides mapped in this study occurred 
preferentially in modeled permafrost terrain of Panda et al. (2014) (Fig. 3.8); 75% of landslides 
initiated in permafrost, with a mean surface temperature of -0.21 °C and a median active layer 
thickness of 0.97 m at initiation sites. Notably, a disproportionate majority of landslides occurred 
where modeled active layer thickness is approximately 1 m. Furthermore, slope angles of 
landslides that occur within permafrost terrain are lower than slope angles in landslides where 
seasonal thaw occurs (Fig. 3.9). Median slope angle of landslides in permafrost is 20.1°, 





Figure 3.7. Map of mean decadal ground temperature (MDGT) and landslide points in the study 




Figure 3.8. Histograms showing permafrost characteristics within the map area (blue) and at 
landslide initiation sites (red), including n = 84 landslides within the study area. Mean decadal 
ground temperature and active layer thickness values are modeled permafrost characteristics 
(Panda et al., 2014) based on climate data, ecotype, soil characteristics, and snow characteristics. 
Negative active layer thickness values indicate that permafrost is not present, and instead 





Figure 3.9. Distribution of slope angles of landslide initiation sites in permafrost compared to 
that of landslides on seasonally thawed hillslopes. The presence or absence of permafrost was 
determined using the Panda et al. (2014) model of permafrost distribution the study region. Box 
hinges show the interquartile range (first and third quartile), with a dark line showing the 
median. Whiskers indicate the minimum and maximum value of each population.  
 
3.4.4 Clay Composition and Weathering History 
 Clay samples collected from modern landslide deposits (Fig. 3.10) include primarily 2:1 
smectite minerals (montmorillonite, beidellite), and vermiculite (Table 3.2).  Additional analysis 




Table 3.2. Minerals identified in each clay sample using the TerraSpec Halo multispectral 
mineral analyzer, along with the underlying unit identified in the field and the relative 
confidence provided by the instrument (1-3, where 3 indicates high confidence) of the mineral 
identification. Samples with an asterisk indicate high confidence that the underlying unit is the 
parent material and that it has locally near-homogenous composition. Scanning Electron 
Microscopy images are shown for samples EF1 and PR1 (Fig. 3.9). 
Sample Underlying Unit Most prevalent minerals Latitude (N), Longitude (W) 
BC1* Teklanika Rhyolite Montmorillonite (3) 
Pyrophyllite (3) 
Rectorite (2) 
 63.53921, -149.80025 
EF1* Teklanika Rhyolite Montmorillonite (3) 
Vermiculite (3) 
63.55920, -149.79727 
EF9* Teklanika Rhyolite Montmorillonite (3) 63.55324, -149.80269 




I4* Teklanika Rhyolite Illite/smectite (3) 
Rectorite (3) 
63.60458, -149.60440 
PR1* Teklanika Rhyolite Montmorillonite (3) 
Beidellite (3) 
63.53639, -149.81511 
PR3* Teklanika Rhyolite Montmorillonite (3) 
Beidellite (3) 
63.53821, -149.81682 




I8* Teklanika Basalt Montmorillonite (3) 
Fe/Mg chlorite (3) 
63.57026, -149.62550 
C1 Relict Landslide Ferrihydrite (3) 
Montmorillonite (3) 
Fe smectite (2) 
Goethite (2) 
63.48286, -150.11713 
HP2 Relict Landslide Ferrihydrite (3) 
K illite (3) 
Halloysite (2) 
63.49258, -150.12645 
EF5 Teklanika Fm. Montmorillonite (3) 63.55906, -149.79874 
I9 Teklanika Fm. Ferrihydrite (3) 
Halloysite (3) 
K illite (3) 
63.59526, -149.60070 
 
Almost all of the minerals present in clay samples are typical of hydrothermal alteration 
of volcanic rocks and subsequent interaction with groundwater. The presence of montmorillonite 
and beidellite (smectite minerals) in most samples indicates formation of clay minerals in 
alkaline conditions with persistent groundwater (Anthony et al., 2001). A common weathering 
product of tuff and ash, montmorillonite in DNP may form within glassy felsic flows or minor 
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ash beds along bedding (flow) contacts, such as those identified by park staff (Frothingham and 
Capps, 2018). Similarly, vermiculite is common at the contact between felsic and mafic rocks, 
such as the prevalent contacts between Teklanika Volcanics rhyolite and basalt (Gilbert, 1979). 
The presence of clay minerals including rectorite and halloysite is consistent with clay minerals 
that form due to the weathering of feldspars (esp. potassic feldspars) (Anthony et al., 2001). 
 
Figure 3.10. SEM images of samples collected from landslides near Polychrome Pass (Fig. 3.1). 
A) Sample PR1, which contains montmorillonite and beidellite. B) Sample EF1, which contains 




3.4.1 Geologic Mapping and Landslide Inventory 
The surficial geologic map produced in this study improves the resolution of available 
geologic data along the DNP road corridor, providing a valuable resource for understanding 
landslide controls in diverse lithologies and areas of permafrost degradation. The extensive 
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landslide inventory conducted within the map area provides a census of all modern landslides 
that occurred before fieldwork was completed in August 2018. Characterization of this 
population is therefore representative of the map area and typifies spatial patterns of landslide 
initiation in the northern Alaska Range and other high-latitude mountain ranges with similar 
climate, topography and diverse underlying geology. This dataset will also allow for future 
landslide inventories to evaluate changes in landslide frequency and magnitude in future 
decades. Specifically, comprehensive information about landslide location, surface area, and type 
at a known time (August 2018) provides a baseline for future landslide inventories and time-
series analysis. Such monitoring will provide a valuable insight into the many mechanisms by 
which climate change influences landslide initiation (e.g. Gariano and Guzzetti, 2016; Patton et 
al., 2019). 
Within the DNP road corridor, landslide distribution indicates several important 
geomorphic controls on slope failure. Landslides occurred on all slope aspects throughout the 
study area, primarily at relatively high elevations (>1050 m) where topographic relief is greatest 
(Fig.3.5 and 3.6). The majority (84%) of landslides within the study area are less than 1 km2 in 
area, indicating that small, frequent hazards are a significant source of concern in the region. 
Larger landslides, though present within the map area and beyond, are likely infrequent.  
The bimodal distribution of slope angles in the study area indicates that there are two 
primary drivers of landslide failure within discontinuous permafrost zones: atmospheric events 
(snowmelt or rainfall) that saturate the subsurface and permafrost thaw. On steep hillslopes (≥
20°), landslides occur according to well-established patterns, particularly when rainfall or 
snowmelt increases soil saturation beyond threshold limits (e.g. Borga et al., 2014) and/or 
seismic activity reduces cohesion (e.g. Kargel et al., 2016). Landslides that occur on shallow 
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hillslopes require substantially lower shear strength due to low cohesion or friction (Milledge et 
al., 2014). Many of the shallow-angle landslides mapped in Denali National Park were 
characterized as active layer detachments, which typically occur where melting of ice lenses at 
the base of the active layer reduce shear strength and allow landslides to occur on shallow (10°-
20°) hillslopes (Lewkowicz and Harris, 2005b; Lewkowicz, 2007; Blais-Stevens, Kremer, et al., 
2015). 
Landslides occurred throughout the study area and in almost all of the mapped units, 
except those that are inherently characterized by very shallow slope angles (e.g. alluvial 
sediment and pediment). Most landslides occurred in unconsolidated sediments (e.g. glacial 
deposits, colluvium, and relict landslide deposits) or felsic volcanic units (e.g. rhyolite and 
andesite of the Teklanika and Mt. Galen volcanic units). This pattern suggests that landslides 
throughout the Alaska Range and similar climatic zones are most likely to occur where low-
cohesion unconsolidated material is available or where alteration of volcanic rocks produces 
sufficient clay content to reduce rock/soil strength, as discussed below (Behnsen and Faulkner, 
2012; Torrence, 2014; Isobe and Torii, 2016). Notably, many of the unconsolidated units in the 
study area contain high concentrations of volcanic detritus. 
Assuming that the map area is representative of other regions with similar climate, 
topography and diverse lithology, landsliding in discontinuous permafrost may be separated into 
two categories: atmospherically driven vs. ice-rich-permafrost-thaw driven. Increased rainfall 
intensity is likely to increase landslide frequency in upcoming decades (Stoffel et al., 2014; 
Gariano and Guzzetti, 2016). Ice-driven landslides are likely to become more frequent in 
upcoming decades (Patton et al., 2019), resulting in frequent small landslides. Due to the 
typically small size and relatively slow flow speeds of active layer detachments (Lewkowicz, 
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2007), these types of landslides are likely to result in infrastructure damage but are unlikely to 
pose serious hazards to human safety on a large scale. Loss of permafrost, which may allow 
more deep-seated landslides to initiate (Harris et al., 2009; Keiler et al., 2010), is likely to 
increase the magnitude of landslides in this and other regions experiencing permafrost thaw 
(Patton et al., 2019). The combined effect of permafrost loss and rainfall-driven landsliding on 
steep slopes is likely to result in larger and more hazardous landslides (Geertsema et al., 2006) 
throughout the Alaska Range, posing significant concerns for human safety and infrastructure 
stability. 
 
3.4.2 Landslide Distribution in Permafrost 
A disproportionate number of landslides (75%) initiated in permafrost terrain relative to 
the 62% of the map area underlain by permafrost (mean decadal surface temperature < 0 °C). 
This discrepancy demonstrates the influence of (ice-rich) permafrost in landslide initiation. 
Furthermore, median slope angles where landslides occur are 7° lower in permafrost terrain, 
demonstrating the ability for ice-rich permafrost to facilitate landslide initiation on shallow 
hillslopes due to perched groundwater (Walvoord and Kurylyk, 2016b) and low cohesion and 
friction along permafrost boundaries (Haeberli et al., 1997; Huggel, 2009). The majority of 
landslides within the study area initiate on slopes where active layer thickness is approximately 1 
m. I postulate that ~1 m active layer thickness is a threshold depth of material to generate 
sufficient shear force along the low-cohesion permafrost boundary. 
It is important to note that the permafrost parameters used in this comparison were 
calculated for the previous decade (2001-2010). While this time frame likely describes active 
layer depth and temperature of the study area when many of the inventoried landslides initiated, 
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based on partial re-vegetation of some of the surveyed landslides, some landslides have occurred 
several years after the time frame of this model. For example, eyewitness accounts constrain 
initiation of multiple inventoried landslides within the last five years, including the Eagle’s Nest 
Landslide (Fig. 3.4C), which occurred in August 2016 and the Ptarmigan Landslide (Fig. 3.4E), 
which likely occurred in July 2016. Although average ground temperature at landslide initiation 
sites was slightly lower than the regional average (-0.21 °C and -0.09 °C, respectively), both 
mean temperatures are very near the 0 °C freezing threshold, indicating that in the previous 
decade permafrost was already unstable. Given this context, it is likely that ongoing permafrost 
thaw has increased landslide initiation within the study area, allowing landslides to occur along 
partially melted ice boundaries. 
 
3.4.3 Clay Formation and Slope Stability 
Montmorillonite, beidellite, and vermiculite are the most prevalent clay minerals present 
in the 13 samples. Sample I8, most likely derived from basalt, also contains measurable FeMg 
chlorite. These specific mineral assemblages indicate a saturated, alkaline weathering 
environment, consistent with the modern subsurface characteristics of discontinuous permafrost 
zones (Walvoord and Kurylyk, 2016b). Although the effect of climate on clay composition 
generally overwhelms other factors (Velde and Meunier, 2008), the minerals present also 
indicate generalized characteristics of the parent material. The primary minerals identified in my  
samples are typical of weathering feldspars and felsic volcanic rocks; contacts between felsic and 
mafic volcanic rocks; and tuff or glassy felsic flow deposits (Anthony et al., 2001). These 
environments are consistent with the sequences of volcanic rocks in both the Mt. Galen and 
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Teklanika formations, where felsic lithologies and complex contact relationships provide ample 
opportunity for montmorillonite, vermiculite, and other clay minerals to develop.  
Clay weathering products are an important control on landslide susceptibility by 
impeding groundwater flow and increasing local pore pressure (Badger and Ignazio, 2018) and 
reducing rock strength (Bittelli et al., 2012; Borrelli and Gullà, 2017). Expansive clays (smectites 
and vermiculites, as identified in my  samples) may even trigger landslides in response to 
changes in soil saturation (Velde and Meunier, 2008; Bittelli et al., 2012; Isobe and Torii, 2016). 
In most crustal rocks coefficients of friction range from 0.6-0.85 (Byerlee, 1978). Empirical data 
suggest that the coefficients of friction of most clay minerals are much lower, ranging from 0.12 
(montmorillonite) to 0.38 (illite) when samples are wet (Behnsen and Faulkner, 2012). This 
reduction in friction can dramatically reduce slope stability where alteration increases clay 
content in bedrock. At a mechanistic level, weathering of felsic volcanic rocks and the 
production of clay minerals has the potential to reduce shear strength of bedrock slopes below 
thresholds of stability. The high clay content in landslide deposits, including abundant low-
strength, expanding clay minerals (e.g. montmorillonite), explains the disproportionate number 
of landslides that initiated in felsic volcanic units in DNP. Permafrost thaw in clay-rich substrate 
will likely exacerbate the existing susceptibility of clay-rich slopes to slope failure. 
Weathered volcanic sequences in other areas of the world are also susceptible to 
landsliding, particularly where clay weathering products are abundant. Hydrothermal alteration 
of volcanic rocks in an active volcanic complex in Ecuador likely contribute to the initiation of 
clay-rich debris flows (Detienne et al., 2017). In 2005, a complex landslide (Sutherland 
Landslide) in British Columbia occurred in a lithologic setting that is remarkably similar to the 
Mt. Galen and Teklanika Formations (Blais-Stevens, Geertsema, et al., 2015). The Sutherland 
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Landslide initiated on a hillslope where a relatively resistant Eocene basalt sequence capped a 
weaker felsic and volcaniclastic sequence. Clay samples collected from the landslide included 
abundant smectite-group minerals including montmorillonite, located stratigraphically above 
saturated volcaniclastics. Blais-Stevens and others suggest that weathered ash and/or feldspar 
provided the primary source material for the clay minerals and that expandable clays formed the 
primary slip plane of the Sutherland Landslide (2015). The global occurrence of landslides in 
weathered felsic volcanic units suggests that clay alteration products contribute to slope 
susceptibility in diverse geographic settings. 
 
3.4.4 Future Work 
 Key research needs to advance knowledge of landslide initiation in high latitude regions 
include: 
• Expansion of high-resolution surficial mapping beyond the road corridor, including the 
ongoing work by the USGS. 
• Expansion of monitoring systems to measure in-situ subsurface temperature and soil 
moisture. Direct measurements of subsurface temperature profiles within DNP could be used 
to ground-truth and update existing permafrost models. 
• Detailed sampling of rock and weathering products for the purpose of identifying gradients 
of alteration within the map area, particularly along fractures and lithologic boundaries. 
• Characterization of the relationship between degree of alteration/proportion of clay minerals 
and hillslope stability in interior Alaska. Describing this relationship would determine 
whether landslide susceptibility increases linearly with degree of alteration or if a threshold 




Within the study area, landslides occur primarily on high-elevation hillslopes on all slope 
aspects. The bimodal distribution of slope angles where landslides initiate in the study area 
indicates two primary failure mechanisms in discontinuous permafrost regions, including 
atmospheric events and permafrost/ice thaw. Landslides in the study area preferentially initiate in 
areas underlain by permafrost, and landslides in permafrost terrain occurred on slope angles 
approximately 7° shallower than landslides on seasonally thawed hillslopes. Modeled mean 
decadal ground surface temperatures were very near 0 °C for the previous decade, and thaw of 
sensitive permafrost provides a likely mechanism to reduce cohesion and allow landslides to 
develop on relatively low slope angles. Shallow-angle landslides (<20° slopes) in permafrost 
demonstrate that permafrost/ice thaw is an important triggering mechanism. Melting permafrost 
reduces shear strength by lowering cohesion and friction values along ice boundaries. Increased 
permafrost degradation associated with climate change will make this and other high-relief areas 
more susceptible to shallow-angle landslides. 
Unconsolidated units, including colluvium and glacial deposits, generate the largest 
numbers of landslides, and generate more landslides than would be predicted by area alone. 
Felsic volcanic rocks also generate a disproportionate number of landslides due to the significant 
weathering of feldspars and glassy matrix to clay minerals (particularly montmorillonite, 
vermiculite, and beidellite). The presence of clay minerals may promote landslide initiation by 
impeding groundwater flow and increasing local pore pressure, reducing rock strength and 




With expected rapid climate warming and subsequent permafrost thaw, landslide hazards 
pose an ongoing management challenge within DNP and in discontinuous permafrost regions 
worldwide. The refined geologic map provides a framework for ongoing monitoring and 
identifying susceptible lithologies and slope characteristics that require attention and 
maintenance. The high-resolution geologic map of the Denali road corridor provides detailed 
geologic information about significant resource for park staff and visitors. The comprehensive 
inventory of modern landslides in the road corridor up to August 2018 provides a baseline 
dataset for comparison of future landslides and time-series analysis of landslide frequency in the 




4. LANDSLIDE DEVELOPMENT IN THAWING PERMAFROST, DENALI 





Thawing permafrost influences the cohesion, friction, and groundwater dynamics of near-
surface materials and can therefore have a profound impact on landslide process (Rist, 2008; 
Huggel, 2009; Shan et al., 2014; Walvoord and Kurylyk, 2016, Patton et al., 2019). Permafrost 
loss is particularly rapid where ground temperatures are already near 0° C, such as in the 
discontinuous permafrost in interior Alaska (Osterkamp et al., 2009; Panda et al., 2014). These 
sensitive regions are subject to accelerated climate warming observed at high latitudes 
(Intergovermental Panel on Climate Change (IPCC), 2014; Francis et al., 2017; Blunden and 
Arndt, 2017). Other factors that contribute to permafrost sensitivity to thaw include ground 
surface disturbance, which facilitates heat flux between the subsurface and atmosphere (Khak 
and Kozyreva, 2012; Wang et al., 2014), and loss of vegetation (Nauta et al., 2014). Increased 
occurrence of landslides in high-latitude areas is likely to continue as permafrost degrades 
(Gariano and Guzzetti, 2016). 
In particular, shallow-angle landslides are likely to become more frequent during the 
transition period as permafrost thaws. Active-layer detachments slides (ALDs) are shallow-
seated translational landslides that occur in the thawing layer above permafrost (Lewkowicz and 
Harris, 2005b). Low cohesion, low friction, and high saturation along the permafrost-active layer 
boundary allow ALDs and other landslides to occur even on very shallow (1-20°) hillslopes 
(Leibman, 1995; Lewkowicz, 2007, Patton et al., In Revision).  
                                               
3 Chapter in preparation as Patton, A. I., Rathburn, S. L., Capps, D. M., McGrath, D., Brown, R. A., Landslide 
development in thawing permafrost, Denali National Park, Alaska, Landslides. 
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Although shallow-seated ALDs typically do not displace large volumes of material, their 
frequency and broad spatial distribution result in a large cumulative impact on the landscape. 
Repeat landslide inventories in northern Canada document ALD frequencies of 2.6-6.2 
landslides per year in a 12 km2 study area before 1975 and 12.6-14.6 landslides per year in the 
same 12 km2 study area from 1975-2000 (Lewkowicz and Harris, 2005a). A landslide inventory 
along the Yukon Alaska Highway corridor documented 1,600 landslides in the 22,000 km2 study 
area, 3% of which were shallow-angle permafrost/thaw-related landslides (Blais-Stevens, 
Kremer, et al., 2015). Landslide mapping in the Denali National Park road corridor identified ten 
ALDs within the 54.8 km2 study area (Patton et al., In Revision). These small landslides pose 
persistent hazards and have the potential to cause costly cumulative damage to infrastructure 
(Capps et al., 2017). 
A majority of the current body of geomorphic literature focuses on large-magnitude 
landslides driven by atmospheric events, including those that follow wildfire. Landslides in 
relatively low-relief topography (0-20° slopes) are not as well understood. Mapping efforts and 
landslide data provide important insights into the initiation and spatial distribution of shallow-
angle permafrost landslides. For example, existing literature documents and describes shallow-
angle landslides and ALDs in several high-latitude regions (Leibman, 1995; Lewkowicz and 
Harris, 2005b; Lewkowicz, 2007; Leibman et al., 2014; Khomutov and Leibman, 2014). In the 
Yukon Alaska Highway corridor, susceptibility to initiation of shallow-seated landslides in 
discontinuous permafrost terrain is controlled by thaw rate (Lewkowicz and Harris, 2005a), slope 
angle, slope aspect, surficial geology, vegetation, and proximity to surface water (Blais-Stevens, 
Kremer, et al., 2015). Similar to other types of landslides, lithology may also be an important 
control on ALD initiation (Patton et al., In Revision). These studies provide a framework to infer 
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the mechanisms that drive landslide processes in permafrost systems, but direct observation of 
the unique mechanisms that control landslide initiation and development in permafrost terrain is 
limited. In particular, local-scale controls on rates of landslide deformation are poorly 
understood. For example, observed spatial variability in deformation rate of thaw features in the 
Lena Delta, Siberia, are poorly correlated with macro-scale topography (e.g. slope aspect), 
indicating that local geomorphic conditions, such as ground ice and soil properties, are important 
controls on landslide development (Zwieback et al., 2018). Furthermore, the rate of movement at 
thaw slumps is often limited by available heat energy, although factors such as precipitation and 
surface insulation by snow or debris are also important (Zwieback et al., 2018). This study 
documents deformation rates of three shallow-seated landslides in interior Alaska and 
characterizes permafrost conditions to more directly observe the development of permafrost 
landslides over time. 
 
4.1.1 Study area 
To evaluate the mechanisms and rates of deformation of small landslides in thawing 
permafrost, I characterized topographic change and permafrost conditions at three small, 
shallow-angle landslides in Denali National Park (DNP), Alaska (Fig. 4.1). The current climate 
in northern DNP is typical of interior Alaska, with low annual precipitation (average near 38 
cm), cold winters (average near 5.8 °F), and mild summers (average near 53 °F) (Denali National 
Park and Preserve, 2018), although climate is variable over the large area of the park. 
Approximately 50% of DNP was underlain by discontinuous permafrost at the beginning of this 
century (Panda et al., 2014). Permafrost is thawing rapidly in this and other discontinuous 
permafrost regions; permafrost models predict that by the end of the century, less than 1% of the 
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park will be underlain by permafrost (Panda et al., 2014) and 40-60% of permafrost by area will 
be lost throughout Alaska (Pastick et al., 2015). 
The study area is geologically diverse, with regional-scale fault and fold structures and 
bedrock lithologies including Cretaceous-Paleogene sedimentary and volcanic rocks underlain 
by Triassic basalt and metabasalt (Gilbert, 1979; Wilson et al., 2015). Active tectonic activity, 
Pleistocene glaciation, and ongoing fluvial and hillslope processes create a complex geomorphic 
setting (Csejtey et al., 1982; Gilbert, 1979; Nokleberg et al., 1994; Yeend, 1997; Wilson et al., 
2015, Patton et al., In Revision). Ongoing evolution of the high-relief topography in DNP also 
reflects the regular occurrence of landslides of multiple styles (Patton et al., In Revision). 
Our work focuses on the Park Road corridor in DNP (Fig. 4.1), where human use is most 
concentrated and where road maintenance interacts with landslide process (Vinson et al., 1999; 
Capps et al., 2017). I use three small landslides as case studies to evaluate the impact of landslide 
age, morphology, and permafrost condition on the topographic deformation over the one-year 
study period.  
4.2 METHODS 
To evaluate the processes that control landslide development in small landslides, I 
investigated three study landslides along the DNP road corridor. All three landslides are small, 
shallow angle, south-facing landslides (Table 1) in poorly-sorted unconsolidated sediment 
(colluvium or glacial deposits). Two of the study slides are active layer detachments (ALDs). 
The Ptarmigan ALD is young, with an initiation date in summer of 2016. The Eielson ALD is 
partially re-vegetated, with some mosses and low tundra plants but no shrubs, which indicates 
that it is several decades old (Roland, 2019, Personal Communication). The Stony Pass Slide is a 
young (2015) complex slide, characterized by a combination of translational and rotational 
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movement, although the morphology of this landslide resembles compact ALDs (Lewkowicz and 
Harris, 2005b). The Stony Pass Slide is also influenced by de-stabilization during ongoing road 
maintenance; maintenance staff periodically remove accumulated sediment to clear the roadway. 
 
Figure 4.1. Map of study area in Denali National Park (DNP) showing the Denali Park Road in 
red and the three study sites as orange circles. The braided Toklat River flows from north to 
south between sites B and C. ALD indicates Active Layer Detachments. People for scale are 




4.2.1 Terrestrial laser scanning (TLS) 
To quantify topographic change with high precision, I conducted repeat terrestrial laser 
scan (TLS) surveys in June 2017, and June/early July 2018, following the basic methodology of 
previous TLS slope investigations (e.g. Abellán et al., 2014). Surveys were conducted in spring 
as soon as sufficient snow had melted from the slide area to capture the ground surface. Notably, 
the June 2017 survey of the Ptarmigan ALD does capture some snow near the base of the 
landslide scarp. I georeferenced the TLS point clouds by surveying five or more target points 
with an RTK-GPS. I then used the Geomorphic Change Detection (GCD) Software (Wheaton et 
al., 2010) to calculate elevation difference between the three surveys. I used simple additive error 
propagation to combine error from the TLS, RTK survey, and OPUS correction, such that the 
Stony Pass, Ptarmigan, and Eielson landslides each had a total estimated error of 3.5 cm, 7.9 cm, 
and 4.4 cm, respectively. These values are input as significance thresholds for differencing, such 
that differenced values that are lower than the error magnitude are reported as “no data” in the 
resulting DEM of Difference (DoD). Vegetation heights were similarly low in the two surveys, 
but small differences in grass height and leaf density introduce noise that cannot be completely 
filtered from the off-nadir TLS returns. Vegetation density is greatest in the undisturbed portions 
of the slope and on the vegetated landslide toe at the Stony Pass Slide (Fig. 4.1B) and the 
Ptarmigan ALD (Fig. 4.1C). Although the three-dimensional data are not shown here, I also used 
the Multiscale Model to Model Cloud Comparison (M3C2) point cloud differencing technique 
(Lague et al., 2013; Barnhart and Crosby, 2013) to visually evaluate point cloud surfaces and 




4.2.2 Ground-penetrating radar (GPR) 
In collaboration with Dan McGrath (Colorado State University), I collected radar data 
along transect lines in and near the Stony Pass Slide in August 2018 using a Pulse-Ekko 500 
MHz GPR unit and processed data using ReflexW software. I used processed radargrams to 
visually identify the permafrost surface. At 54 nodes along survey lines, I manually probed to 
refusal at the permafrost surface using a cm-scale steel probe, with a maximum probe depth of 
2.3 m. Although coarse slope material interfered with some measurements, recorded depths 
presented here are areas where I had high confidence that the probe hit refusal at the ice surface. 
Probe depths to permafrost did not show any relationship with return times of radar traces, and I 
therefore did not estimate depth to permafrost using radar data. I assumed that maximum active 
layer depth in August 2018 approximates depth to permafrost, although it is important to note 
that the exact depth of the permafrost surface is variable in time and space. I also collected 
similar GPR data at the Ptarmigan ALD, although highly uneven topography, surface water, and 




4.3.1 Landslide morphology 
The three study landslides exhibit diverse morphology, although slope characteristics at 
each site are broadly similar (Table 1, Fig. 4.1). The Stony Pass Slide (851 m2) is arcuate in map 
view, with a steep ~1 m tall headscarp, 0-0.5 m side scarps, and no distinct levees. Landslide 
width is 31.5 m. Within the interior of the landslide, vegetation (moss and grasses) is preserved 
on top of small back-rotational steps. Bare clay-rich sediment is exposed between these steps.  
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The Ptarmigan ALD (2341 m2) is elongate in shape, with a total length of 129 m and an 
average width of 14.3 m. The Ptarmigan ALD is channelized and lined by sharp levees (1-2 m 
tall), with surface water observed in the channel in mid-late summer. Levees are composed 
primarily of tundra vegetation and root masses; in some areas tall shrubs have been preserved on 
the top of levees.  
The Eielson ALD (1246 m2) exhibits two distinct morphologic units. The eastern portion 
of the landslide is channelized, with a rocky channel and small levees (<1 m tall). The 
morphology of the western portion of the landslide is stepped, similar to the Stony Pass Slide, 
although the majority of the western portion of the Eielson ALD is vegetated by moss and 





Table 4.1. Summary characteristics of the three study landslides in DNP. Probable initiation 
dates are based on first-person accounts for the two younger landslides and the degree of 
vegetation recovery in the older landslide. Active layer thickness and mean decadal ground 
temperature data are from a recent model of permafrost distribution in the park (Panda et al., 
2014) and are estimates for the 2001-2010 decade. 
 Stony Pass Slide 
(Fig. 4.1B) 










Probable initiation date 2015 Summer 2016 20-50 years ago 
Slide area (m2) 851 2341 1246 
Length (m) 30.5 129 39 
Width (m) 31.5 14.3 35 
L/W ratio 0.97 9.0 1.1 
Elevation at scarp (m) 1182 1198 1129 
Slope angle 10.3° 16.5° 12.0° 
Slope aspect 116° 151° 162° 
Lithology Glacial moraine Colluvium Glacial outwash 
Active layer thickness (m) 0.90 1.8 Seasonal thaw 
Mean decadal ground 
temperature (°C) 
-1.0 °C -0.2 °C 0.36 °C 
Elevation loss at scarp (m) -0.8 -1.0 -0.2 
Maximum elevation loss (m) -0.8 -1.0 -0.5 
Morphology Compact Elongate Complex 
 
 
4.3.2 Topographic change 
 Over the one-year study period, the older Eielson ALD demonstrated minimal change in 
elevation (Fig. 4.2). Maximum elevation loss in this landslide is 0.5 m in a 0.25 m2 area on the 
mid-channel side scarp, with maximum elevation loss of 0.2 m at the scarp and between 
vegetated steps and maximum elevation gain of 0.2 m on the vegetated steps. Elevation loss is 
not spatially continuous along the landslide scarp or within the body of the landslide. The 
majority of the landslide by area did not experience significant elevation change, as is shown by 
the low magnitude of differences and the relative symmetry of the distribution of differenced cell 
values around zero (Fig. 4.3).  
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Both of the younger landslides, the Stony Pass Slide and the Ptarmigan ALD, 
experienced significant elevation change over the study period. Excluding areas with dense 
vegetation, maximum elevation loss within the Stony Pass Slide is 0.8 m near the landslide scarp. 
The majority of the landslide body lowered by 0.04-0.25 m. Elevation loss is spatially 
continuous along the scarp and within the body of the landslide, as is shown by the fact that the 
majority of the differenced cell value distribution is negative (Fig. 4.3). The two peaks in 
negative differenced cell values show the moderate elevation loss within the body of the 
landslide and the larger elevation loss along the scarp. Some material accumulated at the toe of 
the landslide over the one-year study period, with a maximum elevation gain of 0.5 m and 
characteristic elevation gain of 0.04-0.25 m. Vegetation near the landslide toe adds uncertainty to 
this estimate of elevation gain. Some landslide debris was also removed from the landslide toe at 
the park road by maintenance staff during the study period. 
Excluding the known snow field and areas with dense vegetation, the maximum elevation 
loss within the Ptarmigan ALD is 1.0 m near the scarp. The majority of the landslide channel 
lowered by 0.1-0.6 m. Characteristic elevation loss in the channel is 0.09-0.30 m. Elevation loss 
is spatially continuous along the landslide scarp and within the channel, as is shown by the fact 
that the majority of the differenced cell value distribution is negative (Fig. 4.3). Some material 
accumulated at the toe of the landslide over the one-year study period, with a maximum 
elevation gain of 1.0 m. Dense vegetation on the landslide toe and on levees adds substantial 





Figure 4.2. DEMs of Difference (DoDs) showing significant elevation change at the three study 
landslides from June 2017 to June/July 2018. Where cell differences are smaller than the 
magnitude of propagated error, no significant change has occurred. Dense vegetation adds 
uncertainty to changes in the ground surface, which is most visible in areas where elevation 
gain/loss is inconsistent on a small scale (e.g. area A). Snow near the scarp of Ptarmigan ALD 
added error to the surface difference at area B. Sparse point cloud data add uncertainty to the 




Figure 4.3. Histograms showing cell values of the one-year difference in elevation at the three 
study landslides. Values within the threshold of error described in are reported as “no change” 
and are not included on the histograms. The Stony Pass, Ptarmigan, and Eielson error values are 





4.3.3 Permafrost condition 
Using the radargram data, I identified permafrost with high confidence near the Stony 
Pass Slide, particularly in the undisturbed slope to the northeast of the landslide (Fig. 4.4). I did 
not identify any permafrost within the slide with radar data or the manual probe, however. 
Measured probe depths indicate that permafrost is present at 0.4-1.5 m depth to the northeast of 
the slide, and 0.9-1.9 m depth to the northwest of the landslide scarp. Average depth to 
permafrost was 1.06 m ± 0.4 m. These measured depths to permafrost approximately align with 
the most recent permafrost model of DNP, which estimated 0.90 m depth to permafrost in the 
2001-2010 decade at this location and in adjacent cells (Panda et al., 2014). Processed GPR data 
from the Ptarmigan ALD returned inconclusive subsurface data and are therefore not presented 





Figure 4.4. Example radargram, GPR transects, probe locations at the Stony Pass Slide. High-
confidence permafrost surface is visible in the radargram (~165-187 m). I did not identify a 
permafrost surface on this radargram from 878-905 m. The radargram is a cross-section of the 
GPR transect that follows a curve, as shown by the A-A’ arrow in map view. GPR transect lines 
are shown in map view on a slope map derived from the 2018 TLS survey, over a 24 cm slope 
map derived from photogrammetry collected in 2015. Portions of the transect with high-
confidence permafrost are shown in green, low-confidence permafrost is shown in yellow, 
sections with no observed permafrost are indicated by a black line. Blue points show locations 
where manual probing identified permafrost, with darker blue indicating greater depth to 
permafrost. White points show locations where manual probing did not identify permafrost 





4.4.1 Landslide morphology 
At all three landslides, I interpret initial failure on a shallow-angle permafrost plane at 
~1-2 m depth, although recent permafrost models indicate that permafrost at Eielson ALD has 
since thawed (Panda et al., 2014). Positive pore pressures above the permafrost-active layer 
boundary after melt of permafrost ice allow for slope failure even on shallow hillslopes (Harris 
and Lewkowicz, 2000; Lewkowicz and Harris, 2005b; Lewkowicz, 2007). Despite the similarity 
of slope angle (10.3-16.5°), lithology, and aspect (116-162°), the three landslides studied in DNP 
demonstrate diverse morphology. 
Morphology of the Ptarmigan ALD is similar to that of the elongate ALDs described by 
Lewkowicz and Harris (2005) in northern Canada; the length-to-width ratio is 9.0, the largest of 
the three DNP landslides described in this study. Similarities also include the landslide shape in 
plan view and lateral compression structures along the length of the landslide. The Ptarmigan 
ALD created 1-2 m levees where vegetated ridges of soil, organic material, and tundra 
accumulated along the margins of the slide.  
Morphology and thaw patterns of the Stony Pass Slide are similar to those of the 
“compact” ALD morphology described by Lewkowicz and Harris (2005). The landslide they 
describe initiated along the permafrost boundary during a forest fire. Rapid thaw of permafrost 
after the landslide initiated allowed a retrogressive slump to develop. Similarly, the Stony Pass 
Slide appears to have initiated along the thawing permafrost boundary, which then continued to 
thaw to the point that I was not able to observe permafrost within the slide.   
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Morphology of the Eielson ALD is similar to the complex ALDs described by 
Lewkowicz and Harris (2005). Although the exact failure sequence is not clear, I interpret an 
initial elongate failure on the eastern portion of the slide, with subsequent retrogressive failure of 
the western portion of the landslide in response to loss of lateral support. These two deformation 
events may have occurred nearly-simultaneously or may have been separated by days to months. 
 
4.2 Topographic change 
I observed spatially continuous elevation change at the young landslides, with a 
maximum elevation loss of 1.0 m within the Ptarmigan ALD (excluding the area beneath the 
snow field in 2017) and 0.8 m within the Stony Pass Slide. The elevation loss in the Ptarmigan 
ALD is primarily in the channel bottom and scarp. Magnitude of ground surface change outside 
of the landslide channel (i.e. on the levees) is not clear, because brush and tall grass prevented 
detailed characterization of the levee surfaces and the undisturbed hillslope. Ongoing surface 
lowering within the Ptarmigan ALD is consistent with scarp retreat and surface water erosion of 
fine material from the channel. Although the magnitude of sediment accumulation at the 
Ptarmigan ALD toe is unclear, it is likely that some sediment accumulates at the landslide toe 
and that surface water transports some eroded material farther downslope. 
Elevation loss at Stony Pass Slide is concentrated near the scarp, which retreated upslope 
by ~1 m over the one-year study. Spatially continuous subsidence also occurred throughout the 
landslide body and lowered ground elevations by 0.04-0.25 m. These surveys also capture a 
small buildup of material at the toe of the landslide; additional material was removed along the 
road by maintenance staff during the study period. This removal of sediment at the landslide toe 
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reduces lateral confinement, likely promotes downslope transport and continued landslide 
deformation.  
I observed minimal significant topographic change at the Eielson ALD, indicating that 
stabilization of this landslide has occurred in the 20-50 years since it initiated. If the Eielson 
ALD is representative of other shallow-seated, shallow-angle landslides in the study region, this 
20-50 year stabilization is the baseline recovery time under recent climate and permafrost 
conditions. In the previous 20-50 years, as climate patterns shift and permafrost continues to 
degrade, the recovery times of shallow-seated landslides may change, however. Due to increased 
hydraulic conductivity and connectivity as permafrost thaws (Walvoord and Kurylyk, 2016a), as 
well as changing structure of vegetation communities (Fisher et al., 2016), the recovery time of 
the Stony Pass Slide, Ptarmigan ALD, and other new landslides may not follow historical 
patterns. 
 
4.4.3 Permafrost and ongoing landslide deformation 
 In a recent permafrost model for Denali National Park (Panda et al., 2014), permafrost is 
present at 0.90 m depth at the Stony Pass site, and 1.8 m depth at the Ptarmigan site (Table 1). 
Although permafrost was not modeled at the Eielson site during the time period of the Panda et 
al. (2014) study, I assume that permafrost was likely present at the time of initiation 20-50 years 
ago based on landslide morphology, rates of permafrost loss within the park, and the modern 
mean decadal ground temperature that is just above 0° C. Identification of the permafrost surface 
at the Ptarmigan ALD using radar data was inconclusive. Although two-dimensional radar data 
improve the spatial resolution of subsurface imaging, heterogeneous substrate, vegetation, patchy 
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surface water, and irregular topography limit the effectiveness of this technique in complex 
terrain. 
Where I measured permafrost in the Stony Pass landslide, depth to permafrost is variable 
but on the same order of magnitude as the permafrost model (0.4-1.9 m). I did not identify any 
permafrost within the interior of the landslide, however, in the radargram or with a manual 
probe. It is likely that warm climate and landslide disturbance have accelerated permafrost thaw 
in the decade since the model was produced, resulting in a spatially reduced permafrost extent in 
the study area. 
The loss of permafrost within the slide boundary likely contributes to the ongoing 
deformation of this landslide, as loss of permafrost ice can reduce shear strength and increase 
groundwater conductivity and connectivity (Rist, 2008; Huggel, 2009; Shan, Guo, Wang, et al., 
2014; Walvoord and Kurylyk, 2016a; Patton et al., 2019). The relative timing of landslide 
initiation (2015) and the onset of widespread permafrost thaw at Stony Pass is not known, but the 
low angle of the slope indicates that some degree of ice thaw occurred before the landslide 
initiated, which produced meltwater and reduced shear strength, contributing to slope 
susceptibility. After the initiation of the Stony Pass Slide, ground disturbance and loss of some 
tundra vegetation likely increased the heat flux from the atmosphere to the subsurface and 
contributed to accelerated permafrost thaw near the disturbed area during warm months.  
Furthermore, the topographic depression formed by the landslide shields snow within the 
landslide body, allowing a thicker snowpack to accumulate and persist into the spring. (Fig. 4.5). 
The increased insulation in the winter and spring likely prevents cold air temperatures from fully 
freezing the ground beneath the landslide. Gradual release of meltwater in the spring may also 
deliver both groundwater and heat energy, further increasing near-surface ground temperatures 
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and soil saturation. At the Stony Pass slide, snow within the landslide persisted long after snow 
on the adjacent hillslope had melted and caused a delay in the planned TLS survey until the snow 
fully melted in early July 2018. The combined loss of insulation during the warm season (loss of 
vegetation) and increased insulation during the cold season (deeper snowpack) likely resulted in 
an increased rate of permafrost thaw beneath the landslide. 
 
Figure 4.5. Snow accumulation within the Stony Pass Slide in late June, 2018. Deep snow that 
accumulated in the slide body likely insulated the slide from cold air temperatures in the winter 
and early spring.  
 
Based on these observations, I postulate that the relationship between permafrost thaw 
and landslide initiation creates a positive feedback loop, in which both processes promote each 
other (Fig. 4.6). Human disturbance, such as the removal of landslide debris, likely contributes to 
 
84 
this effect by further facilitating heat flux to the subsurface. This hypothesis is consistent with 
observations of continued instability following fire-related permafrost thaw in Canada, where 
disturbance of insulating vegetation initiated progressive thaw of permafrost throughout the 
landslide (Lewkowicz and Harris, 2005b).  
In the context of ongoing permafrost thaw at Stony Pass and continued removal of debris 
from the landslide toe, I predict continued subsidence and retrogressive erosion of the scarp at 
Stony Pass Slide. The feedback between climate change and landslide disturbance will likely 
accelerate permafrost thaw in this area in the upcoming decades, exacerbating existing landslide 
hazards. Accelerated permafrost thaw and landslide occurrence will pose serious challenges for 
the management of high-use public lands throughout sensitive permafrost regions, where human 
activity and infrastructure will also contribute to landslide occurrence and permafrost thaw. 
 
Figure 4.6. Conceptual diagram showing postulated feedback loop between permafrost thaw and 
landslide initiation. The term “groundwater flow” is used to describe a number of permafrost-
related changes to groundwater process. Relative importance of different processes likely varies 




4.4.4 Climate change and predictions for landslide development 
Climate change is likely to exacerbate landslide hazard around the globe (Gariano and 
Guzzetti, 2016; Patton et al., 2019). A nationwide study of climate change in national parks 
estimated an increase in average annual temperature of 4.3 ± 1.1 °C per century in DNP, the 
highest of any national park in the United States (Gonzalez et al., 2018). Earlier climate models 
for DNP specifically forecasted an 0.9-3.4 °C increase in annual average daily temperature and 
an 0.09-0.28 mm (6.87-26.71% change) increase in average annual daily precipitation by the end 
of this century (Crossman et al., 2013). Winter temperatures are likely to increase more relative 
to summer temperatures, and the warm season will become longer (Rupp and Loya, 2008; 
Crossman et al., 2013). The exact influence of increased annual precipitation depends on the 
timing and intensity of additional precipitation relative to increased evapotranspiration as the 
growing season becomes longer (Rupp and Loya, 2008).  
Under these conditions, discontinuous permafrost is expected to degrade rapidly (Panda 
et al., 2014; Pastick et al., 2015), facilitating the initiation of shallow-angle landslides. Although 
increased evapotranspiration rates may result in lower soil moisture over the course of the year 
(Rupp and Loya, 2008), changes to storm intensity may continue to promote rain-induced 
landslides as well as thaw-induced landslides. This increase in landslide frequency is likely to be 
most profound during the adjustment period of permafrost thaw over the next few decades 
(Blais-Stevens, Kremer, et al., 2015). Furthermore, an increase in the length of the warm season 
is likely to extend the portion of the year when landslides may occur, and rapid ice melt may 





Ongoing deformation of recent landslides continue to deliver sediment downslope and 
alter local topography by lowering ground surface elevation over one year by up to 0.8 m and 1.0 
m in the Stony and Ptarmigan landslides, respectively. The older landslide investigated appears 
to have achieved stability within the several decades since initiation. Ongoing climate change 
may cause modern active landslides to remain unstable over longer timeframes. 
Although discontinuous permafrost persists in the Stony Pass area, no permafrost was 
identified within the slide area, indicating a loss of permafrost before and/or after landslide 
initiation. Observations of this landslide indicate that permafrost degradation increases meltwater 
saturation and groundwater connectivity and promotes continued downslope movement. Based 
on these processes, permafrost thaw may contribute to triggering landslides. Once a landslide 
occurs, accelerated permafrost thaw within the landslide may result from ground disturbance, 
loss of vegetation insulation during the summer, and deeper snow insulation during the winter. 
Permafrost thaw likely creates a positive feedback loop with landslide process, such that 
landslide occurrence accelerates permafrost thaw and permafrost thaw promotes landslide 
initiation and continued deformation. Ongoing human activity likely contributes to the 
destabilization of the Stony Pass Slide, as removal of material from the landslide reduces lateral 
support and contributes to increased heat flux to the subsurface. The Stony Pass landslide is 
likely to continue to deliver sediment to the DNP road and pose persistent hazards. 
Forecasted climate patterns are likely to increase the frequency and deformation rates of 
ALDs and other shallow-angle permafrost landslides. Increased average temperature, increased 
average precipitation, and longer summers will extend the spatial and temporal distribution of 
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landslides in DNP and other sensitive permafrost regions. Landslide frequency is likely to be 









On a global scale, widespread permafrost thaw will alter the hydrology, vegetation, and 
physical properties of hillslopes in high-latitude and high-elevation areas, resulting in loss of 
shear strength of slope materials. The transition to seasonally thawed slopes is likely to alter the 
dynamic equilibrium states of hillslopes in these regions in the next several decades. Based on 
the existing literature, I conclude that landslides will be driven primarily by atmospheric input of 
moisture and freeze-thaw fracturing rather than responding to disconnected perched 
groundwater, melting permafrost ice, and a discontinuity at the permafrost surface. The transition 
between equilibrium states is likely to increase landslide frequency and magnitude, alter 
dominant failure styles, and mobilize carbon over timescales ranging from seasons to centuries. 
These changes to landslide regimes are likely to pose serious geotechnical challenges for human 
communities and the environment.  
In DNP, landslides occur primarily on high-elevation hillslopes on all slope aspects. 
Landslides initiate on slope angles with a bimodal distribution, indicating that landslides are 
driven by two primary failure mechanisms in discontinuous permafrost regions, including 
atmospheric events and permafrost/ice thaw. Landslides in the study area preferentially initiate in 
areas underlain by permafrost, and landslides in permafrost terrain occurred on slope angles 
approximately 7° shallower than landslides on seasonally thawed hillslopes. Shallow-angle 
landslides (<20° slopes) in permafrost demonstrate that permafrost/ice thaw is an important 
triggering mechanism in the study region. Melting permafrost reduces shear strength by lowering 
cohesion and friction values along ice boundaries. Unconsolidated units, including colluvium 
and glacial deposits generate a disproportionate number of landslides. Felsic volcanic rocks also 
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generate a disproportionate number of landslides due to the rapid weathering of feldspars to clay 
minerals (particularly montmorillonite, vermiculite, and beidellite). The presence of clay 
minerals may promote landslide initiation by impeding groundwater flow and increasing local 
pore pressure, reducing rock strength. 
Ongoing deformation of two recent, shallow-angle landslides in DNP (Ptarmigan ALD 
and Stony Pass Slide) continue to deliver sediment and alter local topography by lowering 
ground surface elevation over one year by up to 1.0 m. The older landslide investigated (Eielson 
ALD) achieved stability within several decades since initiation, indicating that small landslides 
achieved topographic stability within several decades under recent climate conditions. Although 
discontinuous permafrost persists in the DNP road corridor, no permafrost was observed within 
the interior of the Stony Pass Slide, indicating a loss of permafrost before and/or after landslide 
initiation. Because landslide disturbance alters heat exchange patterns with the atmosphere, by 
removing summer insulation (vegetation and organic soil) and adding winter insulation (snow), 
the development of landslides likely creates a positive feedback loop with permafrost thaw, such 
that landslide occurrence accelerates permafrost thaw and permafrost thaw promotes landslide 
initiation and continued deformation. Human modification and ground disturbance may 
exacerbate landslide deformation and permafrost thaw. 
Based on predicted changes of increased annual temperature, longer warm seasons, and 
increased rainfall in the next few decades, landslide occurrence is likely to increase in DNP and 
other discontinuous permafrost regions worldwide. In particular, increased permafrost 
degradation associated with climate change will make DNP and other high-relief areas more 
susceptible to shallow-angle landslides, which pose persistent management problems by 
damaging infrastructure. The comprehensive inventory of modern landslides in the DNP road 
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corridor up to August 2018 provides a baseline dataset for comparison of future landslides and 
time-series analysis of landslide frequency in the Alaska Range.  
 
5.1 MANAGEMENT RECOMMENDATIONS 
Management recommendations based on the results of this work include: 
1. Expand current hazards assessments to evaluate slopes that may have been considered 
“stable” under recent climate conditions. In particular, shallow-angle hillslopes in 
discontinuous, thawing permafrost, may pose new management concerns.  
2. Avoid developing new infrastructure on susceptible hillslopes where permafrost is present, as 
thawing permafrost will counteract many standard stabilization techniques. Given the rate of 
temperature increase at high latitudes, most techniques to stabilize permafrost are effective 
only temporarily. 
3. Collect repeat data and aerial imagery (topographic data, orthophotos, multispectral imagery, 
etc.) at a scale that captures patterns of landslide initiation. Remote imagery may also be 
useful for monitoring permafrost degradation.  
4. Maintain or create emergency response plans, knowing that many high-latitude permafrost 
regions are vulnerable to landslides and other geohazards due to sparse infrastructure. In 
particular, damage to vital access roads may necessitate alternative access strategies for 
responders.  
 
5.2 FUTURE RESEARCH 
 As outlined in Chapter 2, recommendations for future research include quantifying the 
total C mobilized by shallow-angle landslides in thawing permafrost. The relative importance of 
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this C pool to terrestrial C budgets is currently unknown, because the total mass of C moved by 
landslides has not been quantified. To address this objective, I intend to estimate C concentration 
in a collection of soil samples from shallow-angle landslides in the DNP road corridor. I will use 
estimates of landslide volume to calculate the total mass of C mobilized in each individual 
landslide and across the study area. Preliminary data are presented in Appendix D. Additionally, 
I intend to compare C concentrations in landslide soils and proximal undisturbed soils to evaluate 
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Table A1. Landslide inventory data, including coordinates of the initiation site and slope 
characteristics of the landslides evaluated in Chapter 3. The unit column indicates the underlying 
geologic unit as described in Table 3.1. Slope characteristics include area (m2); slope angle (°); 
slope aspect (°), planform hillslope curvature (unitless); active layer thickness/seasonal frost 
thickness (m), where positive values indicate active layer thickness and negative values indicate 
seasonal frost depth; and mean decadal ground temperature (°C). 
ID Latitude Longitude Unit Area Slope Aspect Elev Curv ALT MDGT 
1 63.4264638 -150.37297 Tmg 66324 29.4 187.6 1017 -1.136 1.03 -0.22 
2 63.4276846 -150.36471 Tmg 1771 28.5 184.0 1046 0.124 1.03 -0.19 
3 63.4283314 -150.35251 TRn 307 30.4 104.9 1076 0.782 1.02 -0.21 
4 63.4278189 -150.37392 Tmg 15089 17.5 253.9 1065 -0.182 1.03 -0.23 
5 63.4305168 -150.35177 Tmga 4161 18.9 192.7 1171 -0.315 -0.73 0.36 
6 63.4306558 -150.35254 Tmga 10215 27.5 195.8 1172 -0.011 -0.72 0.36 
7 63.4312067 -150.34316 TRn 22689 29.7 311.5 1239 -1.494 -0.72 0.36 
8 63.4314599 -150.29479 Qgo 3407 12.0 162.4 1129 -0.119 -0.74 0.36 
9 63.4346853 -150.31416 TRn 446 33.3 182.9 1260 0.698 -0.63 0.64 
10 63.4383493 -150.28355 Qcol 962 20.0 148.4 1242 0.016 -0.64 0.71 
11 63.440717 -150.27207 Qcol 464 9.0 135.1 1190 0.339 -0.70 0.51 
12 63.4422691 -150.26787 Qcol 1455 16.0 163.6 1194 0.357 -0.70 0.51 
13 63.4433033 -150.26631 Qcol 3002 19.7 125.8 1208 0.045 -0.70 0.51 
14 63.4528373 -150.22501 TRn 1100 24.8 307.2 1194 0.409 0.94 -0.51 
15 63.456009 -150.23216 Qgm 681 14.8 226.1 1147 0.273 1.57 -0.28 
16 63.4574033 -150.22761 Qgm 298 11.4 316.4 1186 -0.792 1.50 -0.41 
17 63.4582022 -150.22953 Qgm 2365 18.1 306.1 1152 -0.014 1.57 -0.28 
18 63.458561 -150.22652 Qgm 2011 21.2 299.0 1180 -0.616 1.51 -0.40 
19 63.4589053 -150.22497 Qgm 3506 14.7 270.4 1194 -0.504 1.51 -0.40 
20 63.4604931 -150.22244 Qgm 319 16.3 315.1 1196 -0.068 0.90 -0.99 
22 63.4601391 -150.21782 Qgm 2010 12.7 11.7 1211 0.172 1.44 -0.55 
23 63.4608931 -150.21384 Qgm 1104 14.8 29.7 1182 -0.637 0.90 -0.99 
24 63.4607885 -150.215 Qgm 827 16.5 10.0 1190 -0.450 1.44 -0.56 
25 63.4628625 -150.22041 Qgm 1494 10.3 116.5 1182 0.141 0.90 -1.00 
26 63.4675617 -150.22042 TRn 6374 35.7 42.2 1254 -0.803 0.86 -0.72 
27 63.4829808 -150.11635 Qmw 3242 15.1 279.8 1113 0.047 0.98 -0.30 
28 63.4847649 -150.11385 Qmw 198 18.9 318.2 1110 1.010 1.00 -0.34 
29 63.4858862 -150.12187 Qg 1812 12.6 137.0 1163 -0.480 0.97 -0.43 
30 63.4863497 -150.1211 Qg 289 20.6 31.1 1156 -1.254 0.97 -0.43 
31 63.4863515 -150.11925 Qg 436 23.7 72.8 1133 1.584 0.97 -0.43 
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ID Latitude Longitude Unit Area Slope Aspect Elev Curv ALT MDGT 
32 63.4866622 -150.12383 Qg 3861 12.6 78.0 1186 1.512 0.97 -0.43 
34 63.4877433 -150.11608 Qmw 1344 18.2 163.8 1129 1.029 1.00 -0.34 
35 63.4876557 -150.12412 Qg 456 15.1 84.9 1169 0.534 0.97 -0.44 
36 63.4879368 -150.11502 Qmw 995 13.4 82.6 1121 -0.037 1.00 -0.35 
38 63.4883002 -150.1222 Qal 374 3.4 111.8 1154 -0.105 0.97 -0.44 
39 63.489233 -150.11578 Qmw 8178 18.2 264.1 1144 1.235 1.00 -0.35 
40 63.4902614 -150.11291 Qmw 1772 13.8 351.9 1135 -0.431 1.00 -0.35 
41 63.4905782 -150.11204 Qmw 951 24.4 1.0 1127 0.956 1.00 -0.35 
42 63.4917933 -150.08749 Qmw 109 27.5 3.0 1058 -0.632 1.01 -0.26 
43 63.4916531 -150.08913 Qmw 1790 34.0 300.4 1054 0.584 1.01 -0.26 
44 63.4919954 -150.08351 Qmw 2340 26.8 339.3 1079 -0.164 1.00 -0.12 
45 63.4921448 -150.0853 Qmw 6603 10.1 319.7 1060 -0.331 1.01 -0.26 
46 63.4931741 -150.12218 Qmw 6411 26.2 143.8 1203 0.184 0.97 -0.44 
47 63.4937926 -150.08166 Qmw 2203 19.5 7.2 1044 -0.879 1.00 -0.12 
48 63.4978643 -150.11146 Qmw 1169 27.8 83.5 1170 -1.052 1.00 -0.36 
49 63.4981041 -150.0837 Qg 659 14.7 134.6 1046 0.081 1.02 -0.14 
50 63.498128 -150.11648 Qmw 12573 18.5 171.3 1190 -1.260 0.97 -0.44 
51 63.4981711 -150.11206 Qmw 391 24.4 25.6 1179 0.216 1.00 -0.36 
52 63.4983839 -150.08773 Qg 739 23.2 178.2 1095 0.046 0.97 -0.50 
53 63.5120722 -149.96791 Qmw 20129 23.9 131.9 1049 -1.145 1.01 -0.57 
54 63.5128914 -149.99357 Qcol 4907 7.4 187.6 974 -0.139 1.01 -0.49 
55 63.5132524 -149.97869 Kc 2105 11.3 255.4 1018 -0.022 0.97 -0.60 
56 63.5135453 -149.94172 Ttb 2933 2.7 311.5 1084 0.457 0.94 -0.67 
57 63.5161041 -150.0047 Qcol 1043 25.3 214.7 972 0.541 1.05 -0.44 
58 63.5180648 -150.01288 TRn 2918 39.5 191.0 974 1.019 1.00 -0.15 
59 63.5239376 -149.93744 Kc 2920 16.5 151.3 1198 -0.013 1.79 -0.24 
60 63.5270287 -149.89955 Qcol 11171 12.5 141.4 1130 -0.656 1.89 -0.01 
61 63.535006 -149.84879 Kc 943 30.2 126.6 1227 0.506 0.91 -0.34 
62 63.5353102 -149.83034 Ttr 2059 22.0 172.7 1131 -0.009 0.93 -0.24 
63 63.5356821 -149.8285 Ttr 4252 10.7 177.2 1132 -1.030 0.95 -0.14 
64 63.5370461 -149.81498 Ttr 2690 32.7 200.6 1176 2.984 0.95 -0.14 
65 63.538767 -149.81691 Ttr 107723 20.1 227.2 1224 0.829 0.93 -0.19 
66 63.5389854 -149.82187 Ttb 4325 37.0 248.2 1141 0.769 0.93 -0.19 
67 63.5407119 -149.80515 Ttr 48204 17.8 147.6 1048 0.031 0.91 -0.31 
68 63.5503074 -149.73169 Tu 12170 28.0 311.6 1089 1.992 0.91 -0.22 
69 63.5531829 -149.80284 Ttr 641 17.8 109.9 1095 0.116 0.97 -0.04 
70 63.5535166 -149.80046 Ttr 606 24.0 156.9 1088 -0.368 0.97 -0.05 
71 63.5546184 -149.76611 Qgo 803 31.9 5.3 995 0.617 -0.77 0.03 
72 63.5546915 -149.7664 Qgo 803 26.7 9.0 993 -0.438 -0.77 0.03 
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73 63.5555927 -149.66278 Tta 2896 16.4 160.4 1216 0.074 1.55 -0.51 
74 63.5584924 -149.79973 Ttr 6124 38.4 65.0 998 1.027 0.97 -0.04 
75 63.5635365 -149.63702 Ttb 71 28.6 285.4 1127 1.265 0.92 -0.20 
76 63.5646119 -149.6459 Tta 164 34.3 356.8 1151 1.710 -1.41 0.07 
77 63.5647349 -149.64502 Tta 3888 31.1 64.2 1130 -0.262 -1.41 0.07 
78 63.5706376 -149.62478 Tta 3142 33.1 248.6 1111 1.345 0.95 -0.09 
79 63.5713671 -149.62211 Tta 2633 33.0 265.0 1172 -1.031 0.00 0.00 
80 63.5813374 -149.6163 Kc 281 26.8 3.5 1041 -0.324 0.94 -0.19 
81 63.5839982 -149.61709 Qcol 578 30.2 279.8 992 0.638 0.99 -0.01 
82 63.5854032 -149.6165 Qcol 412 25.5 295.0 989 -1.267 0.99 -0.02 
83 63.591776 -149.60522 Qcol 505 28.5 285.4 1085 -0.951 -0.84 0.01 
84 63.5953912 -149.60257 Qcol 1278 20.5 324.3 1011 0.043 -0.82 0.05 
85 63.5953344 -149.60033 Qcol 9482 31.8 311.2 1058 0.763 -0.84 0.04 
88 63.4925812 -150.12643 Qmw 10 21.9 144.9 1222 -1.636 0.97 -0.44 





APPENDIX B: PXRF ANALYSIS OF CLAY MINERALS FROM LANDSLIDES IN 




Thirteen clay samples were collected from mapped landslides where a significant volume 
of clay material was exposed in the scarp or within the landslide deposit. Clay samples were then 
dried and analyzed for mineral assemblage and chemical composition using multispectral 
mineral analyzer and portable X-ray fluorescent analyzer (pXRF). Concentrations of nine 
representative rock samples of mapped lithologies were also analyzed with the pXRF, including 
the Nikolai Formation, Teklanika Rhyolite, Teklanika Andesite, Teklanika Basalt, Mount Galen 
Andesite, and Mount Galen Rhyolite. These samples were assumed to be representative of the 
lithologic unit over the scale of the map area 
 For nine clay samples where the parent lithology could be assumed with confidence from 








bi = the concentration of element i in one of the nine clay samples and  
ai = the average concentration of element i in the most likely parent unit of that sample 
 
Positive values indicate enrichment of a particular element in a clay sample relative to the 
concentration in the parent lithology, and negative values indicate a depletion in the clay sample. 
Elements for which more than three samples contained concentrations below the detection limit 
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of the pXRF were excluded from this analysis. Where up to three samples contained elemental 
concentrations below the detectable limit, the unknown value was assumed to be half of the 
minimum value measured in the sample set. This analysis assumes that regional variability of 
chemical composition within mapped units is minor, and that the measured chemical 
composition of rock samples of a given unit is representative of the parent material before 
alteration. Further, the assumption is made that clay minerals are secondary chemical weathering 
products of parent materials. 
 
Figure B1. Barplot showing a normalized ratio of elemental concentrations in clay samples 
relative to their most likely parent unit. Assuming that rock sample chemistry is representative of 
the parent material, positive values indicate higher concentrations of an element in the clay 
sample relative to the parent material and negative values indicate lower concentrations in the 
clay sample. The calculation of the normalized ratio is described above. 
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Clay samples demonstrate a high degree of alteration relative to their original parent 
lithology. Relative chemical compositions of clay samples and the parent material indicate 
retention and/or addition of significant Ca, Sr, and Mn in the rhyolite-derived samples. This 
relative enrichment of Ca, Sr, and Mn indicates the influence of groundwater in the evolution of 
clay minerals weathered from rhyolite parent rocks. Ca, Sr, and Mn are readily water soluble 
(Bourg and Berlin, 1994; Elango and Kannan, 2007; Apollaro et al., 2009; Carling et al., 2015) 
and high concentrations of these cations can interact with existing clay minerals and influence 
overall clay composition (Elango and Kannan, 2007). At face value, these comparisons assume 
that the modern rock samples are representative of the original parent material. However, the 
rock samples used in this analysis have also undergone weathering processes, either low-





Figure B2. Principal components scores based on pXRF concentrations. PC1 and PC2 separate 
analyzed samples according to unit. 
 
Table B1. Element concentrations (ppm) and reported error for the 13 clay samples and 9 rock 
samples. I collected three readings of visually homogenous rock samples and five readings of 




Reading sample unit Mg Mg err Al Al err Si Si err 
2 T3 tek.bas 4.28 0.17 7.77 0.07 24.33 0.1 
3 T3 tek.bas 3.96 0.17 7.93 0.07 24.82 0.1 
4 T3 tek.bas 3.72 0.16 7.75 0.07 24.64 0.1 
5 EF8 tek.rhy 1.21 0.11 6.3 0.06 37.72 0.11 
6 EF8 tek.rhy 1.17 0.11 6.38 0.06 37.91 0.11 
7 EF8 tek.rhy 1.08 0.1 6.46 0.06 37.67 0.11 
8 PC2 tek.and 2.7 0.14 8.92 0.07 28.77 0.1 
9 PC2 tek.and 2.49 0.13 8.69 0.07 27.96 0.1 
11 PC2 tek.and 2.52 0.14 8.95 0.07 28.61 0.1 
12 S1 nik 2.95 0.15 9.6 0.07 23.46 0.09 
13 S1 nik 2.77 0.15 10.72 0.08 23.34 0.09 
14 S1 nik 2.79 0.15 10.57 0.08 23.13 0.09 
15 S1 nik 3.34 0.16 10.36 0.08 22.84 0.09 
16 S1 nik 2.44 0.14 11.35 0.08 23.1 0.09 
17 E10 nik 8.94 0.22 5.87 0.06 20.54 0.09 
18 E10 nik 9.27 0.22 5.76 0.06 20.62 0.09 
19 E10 nik 9.35 0.22 5.55 0.06 21.2 0.09 
20 E4b mg.and 2.57 0.13 7.81 0.06 30.62 0.1 
21 E4b mg.and 2.45 0.13 8.74 0.07 30.21 0.1 
22 E4b mg.and 2.98 0.14 7.86 0.06 29.57 0.1 
23 E4b mg.and 2.33 0.13 8.6 0.07 30.77 0.1 
24 E4b mg.and 2.6 0.13 8.02 0.06 30.52 0.1 
25 S1 nik 2.93 0.15 9.67 0.07 23.36 0.09 
26 E1 mg.rhy 2.06 0.12 7.41 0.06 32.63 0.11 
27 E1 mg.rhy 2.13 0.12 7.1 0.06 30.3 0.1 
28 E1 mg.rhy 1.73 0.12 7.55 0.06 30.15 0.1 
29 E1 mg.rhy 1.93 0.12 7.33 0.06 32.69 0.1 
30 E1 mg.rhy 1.73 0.11 7.5 0.06 31.94 0.1 
31 I11 tek.and 1.42 0.11 6.9 0.06 35.96 0.11 
32 I11 tek.and 1.09 0.11 6.69 0.06 32.4 0.11 
33 I11 tek.and 1.28 0.11 7.65 0.06 32.69 0.11 
34 I11 tek.and 1.22 0.11 5.97 0.06 34.7 0.11 
35 I11 tek.and 1.26 0.11 6.39 0.06 33.84 0.11 
36 EF7 tek.bas 1.88 0.13 7.66 0.07 27.26 0.1 
37 EF7 tek.bas 1.81 0.13 7.64 0.07 27.41 0.1 
38 EF7 tek.bas 1.6 0.13 7.81 0.07 27.9 0.1 
39 EF1 clay 0.92 0.12 5.17 0.06 27.93 0.11 
40 PR3 clay 1.27 0.12 5.69 0.06 28.28 0.11 
41 PR3 clay 1.27 0.12 5.48 0.06 27.77 0.11 
42 PR3 clay 1.39 0.13 5.84 0.06 28.87 0.11 
43 E16 clay 1.41 0.13 6.39 0.06 23.45 0.1 
44 BC1 clay 1.34 0.13 6.09 0.06 25.42 0.1 
45 PR1 clay 1.14 0.12 6.42 0.06 26.17 0.1 
46 C1 clay 1.52 0.13 6.43 0.06 22.05 0.09 
47 EF10 clay 1.45 0.14 5.92 0.06 18.15 0.08 
48 EF5 clay 1.69 0.14 6.19 0.06 19.9 0.09 
49 I8 clay 2.18 0.16 6.89 0.07 14.59 0.07 
50 HP2 clay 1.83 0.14 7.71 0.07 23.9 0.1 
51 I4 clay 1.63 0.13 7.7 0.07 26.29 0.1 
52 I9 clay 1.61 0.13 8.61 0.07 19.09 0.08 




Reading sample K K err Ca Ca err Ti Ti err V V err 
2 T3 0.9637 0.0064 4.8044 0.019 1.0597 0.0131 0.0427 0.0046 
3 T3 1.0174 0.0066 5.0493 0.0198 1.0588 0.0134 0.0481 0.0047 
4 T3 1.1394 0.0069 4.5836 0.0181 1.0063 0.0128 0.0455 0.0046 
5 EF8 4.1038 0.0149 0.0493 0.061 0.0846 0.0063 0.0123 0.0246 
6 EF8 4.1872 0.0151 0.0493 0.0605 0.0786 0.0063 0.0122 0.0244 
7 EF8 4.1839 0.0151 0.0493 0.0584 0.0801 0.0063 0.0121 0.0242 
8 PC2 1.0782 0.0068 4.8249 0.0179 0.5065 0.0101 0.0431 0.0042 
9 PC2 1.0531 0.0066 4.5814 0.0171 0.5185 0.01 0.043 0.0041 
11 PC2 1.0828 0.0068 4.9247 0.0182 0.4876 0.01 0.0452 0.0042 
12 S1 0.21515 0.0375 7.9343 0.0285 0.9974 0.013 0.0512 0.0047 
13 S1 0.21515 0.0405 8.3398 0.0298 0.7556 0.0118 0.0397 0.0044 
14 S1 0.21515 0.0397 8.5748 0.0306 0.7643 0.0118 0.0228 0.0043 
15 S1 0.21515 0.0397 8.1709 0.0294 0.7423 0.0114 0.0348 0.0043 
16 S1 0.21515 0.0408 8.8311 0.0309 0.5336 0.0103 0.0254 0.004 
17 E10 0.21515 0.0444 5.6563 0.0235 0.6662 0.0104 0.0266 0.0038 
18 E10 0.21515 0.0458 5.701 0.0237 0.6188 0.0101 0.0262 0.0038 
19 E10 0.21515 0.0415 6.8327 0.0278 0.6095 0.0102 0.0235 0.0038 
20 E4b 0.5866 0.0054 3.2008 0.0128 0.3897 0.009 0.0446 0.004 
21 E4b 0.4303 0.005 3.7612 0.0144 0.3494 0.0089 0.0335 0.0039 
22 E4b 0.4629 0.0049 3.3605 0.0133 0.4181 0.0092 0.0387 0.0039 
23 E4b 0.5085 0.0053 3.8713 0.0147 0.3866 0.0092 0.0302 0.004 
24 E4b 0.5719 0.0054 3.2697 0.0131 0.4159 0.0094 0.0432 0.0041 
25 S1 0.21515 0.038 8.1087 0.0288 0.9675 0.0126 0.0389 0.0045 
26 E1 1.2699 0.0072 3.1204 0.0123 0.4134 0.0093 0.039 0.004 
27 E1 1.2621 0.0069 3.0383 0.012 0.659 0.0108 0.0289 0.0041 
28 E1 1.2645 0.007 3.6294 0.0138 0.4482 0.0094 0.0352 0.0039 
29 E1 1.384 0.0074 3.1991 0.0124 0.4093 0.0092 0.0318 0.0039 
30 E1 1.2635 0.0071 3.1717 0.0124 0.3025 0.0083 0.0332 0.0038 
31 I11 3.7879 0.0145 0.3064 0.0062 0.2168 0.0079 0.0426 0.004 
32 I11 3.405 0.0133 1.0358 0.0072 0.2099 0.0075 0.0388 0.0037 
33 I11 4.1732 0.0158 1.5127 0.0087 0.3729 0.0094 0.0612 0.0045 
34 I11 3.0531 0.0123 1.4394 0.0081 0.3212 0.0087 0.0474 0.0041 
35 I11 3.521 0.0138 0.9543 0.0072 0.2322 0.0079 0.0444 0.004 
36 EF7 1.5851 0.0083 4.0371 0.0159 0.9753 0.0126 0.0536 0.0046 
37 EF7 1.5764 0.0083 4.0764 0.0161 0.9754 0.0127 0.0589 0.0047 
38 EF7 1.6596 0.0086 4.1242 0.0161 1.0478 0.0132 0.0547 0.0048 
39 EF1 2.5075 0.0116 0.3442 0.0052 0.0963 0.0064 0.0162 0.0034 
40 PR3 0.883 0.0062 0.6931 0.0056 0.2202 0.0075 0.0587 0.004 
41 PR3 0.9892 0.0065 0.6115 0.0054 0.2069 0.0074 0.0603 0.004 
42 PR3 0.86 0.0061 0.7078 0.0057 0.2121 0.0075 0.0631 0.0041 
43 E16 1.1959 0.0071 1.2814 0.0074 0.385 0.0089 0.0356 0.0039 
44 BC1 1.406 0.0079 0.8827 0.0062 0.2271 0.0075 0.0245 0.0036 
45 PR1 0.21515 0.0673 0.8672 0.0059 0.1999 0.0072 0.0297 0.0036 
46 C1 2.2922 0.0111 0.3592 0.0048 0.5968 0.0101 0.0304 0.0039 
47 EF10 0.9884 0.0063 1.0621 0.0065 0.6777 0.0096 0.0277 0.0035 
48 EF5 1.1213 0.0069 1.5779 0.0085 0.9721 0.0123 0.026 0.0042 
49 I8 1.1148 0.0069 2.5481 0.0125 1.1395 0.0129 0.035 0.0042 
50 HP2 2.0712 0.0102 0.0986 0.0046 0.458 0.0091 0.0478 0.0039 
51 I4 1.6037 0.0085 0.8278 0.0063 0.3385 0.0088 0.0806 0.0045 
52 I9 2.0333 0.0098 3.7525 0.0158 0.7641 0.0114 0.032 0.0042 




Reading sample Mn Mn err Fe Fe err Cu Cu err Zn Zn err 
2 T3 0.0651 0.002 8.4804 0.0337 0.0029 0.0004 0.0116 0.0004 
3 T3 0.0647 0.0021 8.0476 0.0322 0.0029 0.0004 0.01 0.0003 
4 T3 0.0647 0.002 7.8701 0.0313 0.0031 0.0004 0.0114 0.0003 
5 EF8 0.0045 0.0011 1.9051 0.0099 0.0019 0.0003 0.0077 0.0003 
6 EF8 0.00225 0.2 1.9114 0.0099 0.0016 0.0003 0.0086 0.0003 
7 EF8 0.00225 0.2 1.272 0.0077 0.0009 0.0003 0.0102 0.0003 
8 PC2 0.1011 0.0024 5.5049 0.0222 0.002 0.0003 0.0071 0.0003 
9 PC2 0.1097 0.0024 5.5858 0.0223 0.002 0.0003 0.0075 0.0003 
11 PC2 0.1055 0.0024 5.4673 0.0221 0.0012 0.0003 0.0076 0.0003 
12 S1 0.0906 0.0023 9.5823 0.0361 0.0304 0.0008 0.0078 0.0003 
13 S1 0.0874 0.0023 8.2507 0.0319 0.0205 0.0006 0.0072 0.0003 
14 S1 0.0899 0.0024 8.6325 0.0332 0.016 0.0006 0.0068 0.0003 
15 S1 0.0906 0.0023 9.2331 0.0351 0.0171 0.0006 0.0073 0.0003 
16 S1 0.00225 -0.0016 7.0147 0.0275 0.0149 0.0006 0.0057 0.0003 
17 E10 0.1256 0.0026 12.41 0.05 0.0187 0.0007 0.0096 0.0004 
18 E10 0.1246 0.0026 11.9534 0.0493 0.0141 0.0006 0.0086 0.0003 
19 E10 0.1293 0.0027 11.6267 0.0478 0.0158 0.0007 0.0085 0.0003 
20 E4b 0.0554 0.0018 4.0256 0.0172 0.0013 0.0003 0.0066 0.0003 
21 E4b 0.0441 0.0017 3.5586 0.0157 0.001 0.0003 0.0064 0.0003 
22 E4b 0.0742 0.0021 4.8192 0.0199 0.0013 0.0003 0.0084 0.0003 
23 E4b 0.0374 0.0016 3.4057 0.0151 0.0012 0.0003 0.0061 0.0002 
24 E4b 0.049 0.0018 4.0001 0.0172 0.0009 0.0003 0.0065 0.0003 
25 S1 0.0912 0.0023 9.1427 0.0344 0.0288 0.0007 0.0076 0.0003 
26 E1 0.0752 0.0021 3.8858 0.0164 0.00045 0.0046 0.0048 0.0002 
27 E1 0.0878 0.0022 4.3422 0.0178 0.00045 0.0044 0.005 0.0002 
28 E1 0.0825 0.0021 4.3531 0.0179 0.00045 0.0045 0.0044 0.0002 
29 E1 0.0714 0.002 3.5165 0.015 0.0012 0.0003 0.0063 0.0002 
30 E1 0.066 0.002 3.3869 0.0147 0.00045 0.0046 0.0035 0.0002 
31 I11 0.0179 0.0014 3.0302 0.0138 0.0014 0.0003 0.0142 0.0004 
32 I11 0.0364 0.0016 4.1482 0.0172 0.0016 0.0003 0.0159 0.0004 
33 I11 0.0246 0.0015 3.401 0.0152 0.0014 0.0003 0.0161 0.0004 
34 I11 0.0175 0.0014 2.9635 0.0135 0.0011 0.0003 0.014 0.0003 
35 I11 0.0266 0.0015 3.0075 0.0138 0.002 0.0003 0.0136 0.0003 
36 EF7 0.1781 0.003 10.5505 0.039 0.0023 0.0004 0.0147 0.0004 
37 EF7 0.1915 0.0032 10.9527 0.0405 0.003 0.0004 0.0147 0.0004 
38 EF7 0.1541 0.0029 9.8782 0.0367 0.0019 0.0004 0.0148 0.0004 
39 EF1 0.01 0.0012 2.6035 0.0133 0.0018 0.0003 0.0245 0.0004 
40 PR3 0.0389 0.0016 3.6144 0.0167 0.0017 0.0003 0.0452 0.0006 
41 PR3 0.0411 0.0017 3.5085 0.0165 0.0018 0.0003 0.0411 0.0006 
42 PR3 0.0374 0.0016 3.6347 0.0169 0.0021 0.0003 0.043 0.0006 
43 E16 0.0652 0.0019 3.3118 0.016 0.0014 0.0003 0.0116 0.0003 
44 BC1 0.0574 0.0019 3.5531 0.0167 0.0022 0.0003 0.0368 0.0005 
45 PR1 0.0109 0.0012 3.1752 0.0152 0.0023 0.0003 0.0344 0.0005 
46 C1 0.0329 0.0016 6.0718 0.0266 0.0037 0.0004 0.016 0.0004 
47 EF10 0.1243 0.0024 11.63 0.05 0.0022 0.0004 0.0284 0.0005 
48 EF5 0.1459 0.0027 8.9872 0.0396 0.0026 0.0004 0.0244 0.0005 
49 I8 0.0743 0.0021 9.7052 0.0438 0.0031 0.0004 0.0174 0.0004 
50 HP2 0.0604 0.0019 6.3582 0.027 0.0062 0.0004 0.0131 0.0004 
51 I4 0.0458 0.0017 2.9743 0.0145 0.0014 0.0003 0.0099 0.0003 
52 I9 0.0773 0.0021 5.5282 0.024 0.0022 0.0003 0.0099 0.0003 




Reading sample Sr Sr err Y Y err Zr Zr err LE LE err 
2 T3 0.0424 0.0003 0.003 0.0001 0.0278 0.0002 47.78 0.18 
3 T3 0.042 0.0003 0.0026 0.0001 0.0282 0.0002 47.6 0.18 
4 T3 0.0419 0.0003 0.0034 0.0001 0.0296 0.0002 48.66 0.18 
5 EF8 0.0003 0 0.0049 0.0001 0.0314 0.0002 48.59 0.14 
6 EF8 0.0004 0 0.0039 0.0001 0.0308 0.0002 48.29 0.14 
7 EF8 0.0003 0 0.0026 0.0001 0.0301 0.0002 49.18 0.14 
8 PC2 0.0839 0.0004 0.0016 0.0001 0.0127 0.0002 47.28 0.16 
9 PC2 0.0807 0.0004 0.0017 0.0001 0.0126 0.0002 48.74 0.16 
11 PC2 0.0843 0.0004 0.0013 0.0001 0.0125 0.0002 47.56 0.16 
12 S1 0.0239 0.0002 0.0023 0.0001 0.0111 0.0002 45.19 0.17 
13 S1 0.0298 0.0002 0.0016 0.0001 0.0084 0.0002 45.61 0.17 
14 S1 0.0306 0.0002 0.0017 0.0001 0.008 0.0002 45.33 0.17 
15 S1 0.0301 0.0002 0.0016 0.0001 0.0081 0.0002 45.08 0.17 
16 S1 0.0379 0.0003 0.001 0.0001 0.0054 0.0001 46.63 0.17 
17 E10 0.0251 0.0002 0.0016 0.0001 0.0091 0.0002 45.54 0.2 
18 E10 0.0208 0.0002 0.0014 0.0001 0.0085 0.0002 45.72 0.2 
19 E10 0.024 0.0002 0.0014 0.0001 0.0086 0.0002 44.47 0.19 
20 E4b 0.0536 0.0003 0.0012 0.0001 0.0112 0.0002 50.58 0.16 
21 E4b 0.0636 0.0003 0.0011 0.0001 0.0101 0.0002 50.34 0.16 
22 E4b 0.0518 0.0003 0.0012 0.0001 0.0109 0.0002 50.28 0.16 
23 E4b 0.06 0.0003 0.0009 0.0001 0.0106 0.0002 49.96 0.16 
24 E4b 0.0567 0.0003 0.001 0.0001 0.0111 0.0002 50.4 0.16 
25 S1 0.0246 0.0002 0.0022 0.0001 0.0105 0.0002 45.54 0.17 
26 E1 0.0476 0.0003 0.001 0.0001 0.0081 0.0001 49.03 0.15 
27 E1 0.0447 0.0003 0.0009 0.0001 0.0079 0.0001 50.97 0.15 
28 E1 0.0456 0.0003 0.0009 0.0001 0.007 0.0001 50.65 0.15 
29 E1 0.0471 0.0003 0.0008 0.0001 0.008 0.0001 49.36 0.15 
30 E1 0.0495 0.0003 0.0006 0.0001 0.0068 0.0001 50.54 0.15 
31 I11 0.0099 0.0001 0.0049 0.0001 0.0538 0.0003 48.2 0.15 
32 I11 0.012 0.0001 0.005 0.0001 0.0503 0.0003 50.83 0.15 
33 I11 0.0159 0.0001 0.0058 0.0001 0.06 0.0003 48.7 0.15 
34 I11 0.0088 0.0001 0.0052 0.0001 0.0501 0.0003 50.16 0.15 
35 I11 0.0105 0.0001 0.0054 0.0001 0.0543 0.0003 50.61 0.15 
36 EF7 0.0354 0.0003 0.0041 0.0001 0.0288 0.0002 45.34 0.17 
37 EF7 0.0357 0.0003 0.0043 0.0001 0.0295 0.0002 44.83 0.18 
38 EF7 0.036 0.0003 0.0042 0.0001 0.0298 0.0002 45.29 0.17 
39 EF1 0.0077 0.0001 0.0077 0.0001 0.0303 0.0002 60.3 0.16 
40 PR3 0.0107 0.0001 0.0067 0.0001 0.0513 0.0003 59.09 0.16 
41 PR3 0.01 0.0001 0.0067 0.0001 0.0482 0.0003 59.91 0.16 
42 PR3 0.0104 0.0001 0.0068 0.0001 0.0504 0.0003 58.22 0.16 
43 E16 0.0275 0.0002 0.0016 0.0001 0.0121 0.0002 62.41 0.16 
44 BC1 0.0105 0.0001 0.0124 0.0001 0.0405 0.0003 60.87 0.16 
45 PR1 0.0139 0.0001 0.0089 0.0001 0.0682 0.0004 61.81 0.16 
46 C1 0.0126 0.0001 0.0057 0.0001 0.0605 0.0003 60.39 0.17 
47 EF10 0.0095 0.0001 0.0044 0.0001 0.0212 0.0002 59.79 0.18 
48 EF5 0.0213 0.0002 0.0058 0.0001 0.0348 0.0003 59.1 0.18 
49 I8 0.0276 0.0002 0.0038 0.0001 0.0223 0.0002 61.57 0.18 
50 HP2 0.0105 0.0001 0.0022 0.0001 0.0178 0.0002 57.34 0.17 
51 I4 0.0188 0.0002 0.0037 0.0001 0.0256 0.0002 58.43 0.16 
52 I9 0.017 0.0002 0.0038 0.0001 0.0279 0.0002 58.38 0.16 
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Figure C1. Example radargram and radar transect lines at the Ptarmigan ALD. GPR lines are 
overlain on a slope map derived from a TLS survey of the landslide conducted in summer 2018. 
 
135 




Using soil samples collected in August 2017, I estimated carbon (C) concentration from 
disturbed and undisturbed soils in Denali National Park. Soils samples were dried and burned 
using a muffle furnace to calculate Loss on Ignition (LOI). Landslide site names refer to the 
same sites referenced in Chapter 4, as well as a site near Stony Pass referred to as “Borehole 16.” 
 
Table D1. Carbon concentrations estimated using LOI. 














(g) % C lost 
BH 16-01-A Borehole 16 U 51.2498 39.1525 12.1 23.60 36.2978 2.85 7.29 
BH 16-01-B Borehole 16 U 73.1462 58.5767 14.6 19.92 56.1022 2.47 4.22 
BH 16-01-C Borehole 16 U 57.1935 48.1175 9.1 15.87 46.4866 1.63 3.39 
BH 16-02-A Borehole 16 LS 47.2469 42.4281 4.8 10.20 41.3784 1.05 2.47 
E-01-A Eielson U 57.9554 43.3736 14.6 25.16 40.1258 3.25 7.49 
E-01-B Eielson U 47.4475 35.9694 11.5 24.19 33.414 2.56 7.10 
E-02-A Eielson LS 58.3476 51.6166 6.7 11.54 50.4701 1.15 2.22 
E-03-A Eielson LS 51.2757 41.4248 9.9 19.21 39.2853 2.14 5.16 
SP-01-A 
Stony Pass 
Slump U 51.571 31.7391 19.8 38.46 27.8262 3.91 12.33 
SP-01-B 
Stony Pass 
Slump U 67.8806 54.3944 13.5 19.87 52.3978 2.00 3.67 
SP-01-C 
Stony Pass 
Slump U 71.3763 55.6961 15.7 21.97 53.3767 2.32 4.16 
SP-01-D 
Stony Pass 
Slump U 80.6292 64.831 15.8 19.59 62.5026 2.33 3.59 
SP-02-A 
Stony Pass 
Slump LS 69.5964 54.5001 15.1 21.69 51.7924 2.71 4.97 
SP-02-B 
Stony Pass 
Slump LS 52.4613 38.7924 13.7 26.06 35.7952 3.00 7.73 
SP-02-C 
Stony Pass 
Slump LS 52.7541 37.648 15.1 28.63 33.97 3.68 9.77 
PT-01-A Ptarmigan U 16.3157 6.0353 10.3 63.01 3.0196 3.02 49.97 
PT-01-B Ptarmigan U 37.4103 13.301 24.1 64.45 7.7702 5.53 41.58 
PT-02-A Ptarmigan LS 71.308 58.9545 12.4 17.32 55.9418 3.01 5.11 
PT-02-B Ptarmigan LS 20.2308 9.0511 11.2 55.26 6.6881 2.36 26.11 
PT-02-C Ptarmigan LS 66.7094 46.023 20.7 31.01 41.5327 4.49 9.76 
PT-03-A Ptarmigan LS 65.4872 54.8201 10.7 16.29 51.6706 3.15 5.75 
PT-03-B Ptarmigan LS 70.5894 52.3418 18.2 25.85 48.5297 3.81 7.28 
PT-04-A Ptarmigan LS 52.0659 36.0339 16.0 30.79 30.9176 5.12 14.20 
PT-04-B Ptarmigan LS 36.3959 26.6242 9.8 26.85 23.3687 13.03 48.93 
 
